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Abstract
This paper describes the 25 year effort to measure vacuum magnetic birefringence and
dichroism with the PVLAS experiment. The experiment went through two main phases:
the first using a rotating superconducting magnet and the second using two rotating per-
manent magnets. The experiment was not able to reach the predicted value from QED.
Nonetheless the experiment set the current best limits on vacuum magnetic birefringence
and dichroism for a field of Bext = 2.5 T, namely, ∆n
(PVLAS) = (12 ± 17) × 10−23 and
|∆κ|(PVLAS) = (10± 28)× 10−23. The uncertainty on ∆n(PVLAS) is about a factor 7 above
the predicted value of ∆n(QED) = 2.5× 10−23 @ 2.5 T.
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3
1. Introduction
The velocity of light in vacuum is considered today to be a universal constant and is
defined as c = 299 792 458 m/s in the International System of Units:
c =
1√
ε0µ0
. (1)
It is related to the vacuum magnetic permeability µ0 and the vacuum permittivity ε0 which
describe the properties of classical electromagnetic vacuum.1 Classically this relation derives
directly from Maxwell’s equations in vacuum. Due to their linearity c does not depend on
the presence of other electromagnetic fields (photons, static fields).
Today Quantum Electrodynamics (QED) describes electrodynamics to an incredibly ac-
curate level having been tested in many different systems at a microscopic level: (g − 2)e,µ
[1, 2], Lamb-shift [3], Delbru¨ck scattering [4] etc. One fundamental process predicted since
1935 [5, 6, 7] (before the formulation of QED), namely 4-field interactions with only photons
present in both the initial and final states, still needs attention. In the above mentioned
measurements either the accuracy is such that the 4-field interaction must be taken into
account as a correction to the first order effect being observed or, as is the case of Delbru¨ck
scattering, this contribution must be distinguished from a series of other effects. The 4-field
interaction considered to first order will lead to two effects: light-by-light (LbL) scattering
and vacuum magnetic (or electric) linear birefringence (VMB) due to low energy coherent
Delbru¨ck scattering. This first effect occurs at a microscopic level whereas VMB describes
a macroscopic effect related to the index of refraction [8, 9, 10, 11, 12] and is a direct man-
ifestation of quantum vacuum. In recent years, with the ATLAS experiment at the LHC
accelerator, LbL scattering at high energies has been observed [13, 14] via γγ pair emission
during Pb-Pb peripheral collisions for ~ω  mec2. Furthermore, optical polarimetry of an
isolated neutron star has led Mignani et al. to publish evidence of VMB [15].
It remains that this purely quantum mechanical effect still needs a direct laboratory
verification in the low energy regime, ~ω  mec2, at the macroscopic level.
As will be discussed in the following sections, not only does the index of refraction
depend on the presence of external fields but it depends also on the polarisation direction
of the propagating light. In the presence of an external magnetic field perpendicular to the
propagation direction of a beam of light, one finds{
n‖ ~B = 1 + 7AeB
2
ext
n⊥ ~B = 1 + 4AeB
2
ext
(2)
1Today (after the redefinition of the SI system on May 20th 2019) the values of ε0 and µ0 are both derived
from the measurement of the fine structure constant
α =
e2
4piε0~c
=
e2cµ0
4pi~
being the values of ~, c and e defined.
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where the subscripts (‖ ~B) and (⊥ ~B) indicate the polarisation direction with respect to the
external field. Similarly, in the presence of an electric field{
n‖ ~E = 1 + 4AeE
2
ext/c
2
n⊥ ~E = 1 + 7AeE
2
ext/c
2.
(3)
As will be discussed in Section 2, the parameter Ae describes the non linearity of Maxwell’s
equations due to vacuum fluctuations:
Ae =
2
45µ0
~3
m4ec
5
α2 = 1.32× 10−24 T−2 (4)
where α is the fine structure constant, and me the mass of the electron.
The first modern proposal to measure QED non-linearities due to vacuum polarisation
at very low energies dates back to 1979 [16] and a first attempt was performed at CERN
during the beginning of the ’80s to study the feasibility of such a measurement. Since then
the idea to detect the induced birefringence due to an external magnetic field using optical
techniques has been an experimental challenge. Optical elements and lasers have since
improved tremendously but as of today, in spite of the unceasing efforts [17, 18, 19, 20], the
direct measurement of VMB is still lacking. Another ongoing attempt to tackle the same
physics is in Reference [21]: detecting the refraction of light-by-light in vacuum is their goal.
Searches for direct photon-photon elastic scattering are reported in References [22, 23]. Note
that heuristic approaches to this very same matter started before and prescinded from any
theoretical justification [24, 25, 26, 27, 28, 29, 30]. More literature and a general treatment
of non linear vacuum properties can be found in Reference [31].
Following two precursor experiments, the one at CERN and the other at the Brookhaven
National Laboratories (BNL) briefly described in Sections 4.1 and 4.2, the PVLAS (Polar-
izzazione del Vuoto con LAser) experiment, financed by INFN (Istituto Nazionale di Fisica
Nucleare, Italy), performed a long lasting attempt starting from 1993. This experiment
went through two major phases: the first with a rotating superconducting magnet and the
second with two rotating permanent magnets.
In this paper we will describe at length the 25 year development of the PVLAS experiment
and present the final results which represent today the best limit on VMB, closest to the
expected value determined in equations (2). In the description of the various phases of the
experiment many details are given which generally are excluded in scientific papers. We
believe this is an opportunity to gather all this information together in a single publication.
The last three years of activity of PVLAS coincided with the PhD thesis of one of the
authors. More details on the experiment can be found in that work [32].
In Section 2 we will present the physics related to PVLAS including the possibility
of searching for physics beyond the Standard Model. In Section 3 we will describe the
general experimental method of the experiment including systematic effects. In Section 4
each attempt with its peculiarities will be described: there we will discuss the limitations
of each effort and the results obtained. Finally in Sections 6, 7 and 8 we will present the
calibration method, systematics-hunting, noise issues and results of the last phase of the
PVLAS experiment.
5
2. Theoretical considerations
2.1. Classical electromagnetism
Maxwell’s equations in a medium are given by
~∇ · ~D = ρ ~∇× ~E = −∂
~B
∂t
~∇ · ~B = 0 ~∇× ~H = ~J + ∂
~D
∂t
(5)
where ~E and ~B are respectively the electric field and the magnetic induction, ~D and ~H are
respectively the electric displacement field and the magnetic intensity and ρ and ~J are the
free charge density and free current density. The relations between ~E and ~D and between
~B and ~H are given by
~D = ε0 ~E + ~P ~H =
~B
µ0
− ~M (6)
where ~P and ~M are the polarisation and magnetisation vectors, respectively, with which
one can describe the polarisation and magnetisation properties of the medium.
These equations can be derived from the Lagrangian density LMatt in matter
LMatt = 1
2µ0
(
E2
c2
−B2
)
+ ~E · ~P + ~B · ~M − ρϕ+ ~J · ~A (7)
by applying the Euler-Lagrange equations
∂
∂t
∂LMatt
∂
(
∂qi
∂t
) + 3∑
k=1
∂
∂xk
∂LMatt
∂
(
∂qi
∂xk
) − ∂LMatt
∂qi
= 0. (8)
The generalised coordinates q0 = ϕ and q1,2,3 = ~A are the scalar and vector potentials, and
the fields ~E and ~B are defined as
~E = −~∇ϕ− ∂
~A
∂t
(9)
~B = ~∇× ~A. (10)
Considering first of all q0 = ϕ, equations (8) lead to
~∇ ·
(
ε0 ~E + ~P
)
= ρ (11)
from which we define ~D = ε0 ~E + ~P . Similarly by applying equations (8) with respect to
q1 = Ax one finds ∂
(
ε0 ~E + ~P
)
∂t
− ~∇×
(
1
µ0
~B − ~M
)
x
= ~Jx (12)
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and idem for q2 and q3. We can then also define ~H =
1
µ0
~B − ~M .
The definitions of ~D and ~H, besides depending on ~P and ~M , also contain the two
fundamental parameters ε0 and µ0.
In the absence of matter, free charges and currents, resulting in ~P = 0, ~M = 0, ~J = 0
and ρ = 0, the Lagrangian density simplifies to
LCl = 1
2µ0
(
E2
c2
−B2
)
(13)
and one finds that ~D = ε0 ~E and ~B = µ0 ~H. Maxwell’s equations in vacuum then become
~∇ · ~E = 0 ~∇× ~E = −∂
~B
∂t
~∇ · ~B = 0 ~∇× ~B = ε0µ0∂
~E
∂t
.
(14)
Equations (14) admit as solutions electromagnetic waves freely propagating in vacuum at a
velocity given by
c =
1√
ε0µ0
. (15)
Due to the linear behaviour of Maxwell’s equations in vacuum, c does not depend on the
presence of external fields.
In general, given a Lagrangian density L, the vectors ~D and ~H can also be determined
through the constitutive relations
~D =
∂L
∂ ~E
~H = − ∂L
∂ ~B
(16)
and the polarisation vector ~P and magnetisation ~M can be written as
~P =
∂L
∂ ~E
− 0 ~E ~M = ∂L
∂ ~B
+
~B
µ0
. (17)
2.2. Light-by-light interaction at low energies
This classical scenario changed drastically with the introduction of three new facts at
the beginning of the 20th century:
• Einstein’s energy-mass relation E = mc2;
• Heisenberg’s uncertainty principle ∆E∆t ≥ ~/2;
• Dirac’s relativistic equation of the electron admitting negative energy states today
identified as anti-matter.
These three facts together allow vacuum to fluctuate changing completely the idea of vacuum
and allowing for non linear electrodynamic effects in vacuum. Today vacuum is considered
as a minimum energy state. Citing from O. Halpern’s letter (1933) [33]
7
.... Here purely radiation phenomena are of particular interest inasmuch as
they might serve in an attempt to formulate observed effects as consequences
of hitherto unknown properties of corrected electromagnetic equations. We are
seeking, then, scattering properties of the “vacuum”.
In 1935, soon after Halpern’s intuition, two of Heisenberg’s students H. Euler and B. Kockel
[7] determined a relativistically, parity-conserving effective Lagrangian density which, to
second order in the invariants of the electromagnetic field tensor F µν (see for example Ref-
erence [34])
F =
(
B2 − E
2
c2
)
and G =
~E
c
· ~B, (18)
takes into account electron-positron vacuum fluctuations:
LEK = LCl + Ae
µ0
(E2
c2
−B2
)2
+ 7
(
~E
c
· ~B
)2 (19)
where
Ae =
2
45µ0
~3
m4ec
5
α2 = 1.32× 10−24 T−2. (20)
This Lagrangian was derived in the approximation of low energy photons ~ω  mec2.
The effective Lagrangian density LEK leads to non linear effects even in the absence of
matter thereby violating the superposition principle, one of the building blocks of Maxwell’s
theory in vacuum. Indeed by applying the Euler-Lagrange equations (8) with respect to
q0 = ϕ one obtains
~∇ ·
[
ε0 ~E + 4Ae
(
E2
c2
−B2
)
ε0 ~E + 14ε0Ae
(
~E · ~B
)
~B
]
= 0 (21)
where one can identify
~D = ε0 ~E + 4Ae
(
E2
c2
−B2
)
ε0 ~E + 14ε0Ae
(
~E · ~B
)
~B (22)
consistent with ~D =
∂LEK
∂ ~E
and ~∇· ~D = 0. The relation between ~D and ~E is no longer linear
in the field ~E. In a similar way by applying the Euler-Lagrange equations (8) with respect
to q1 = Ax one again finds that
∂Dx
∂t
−
(
~∇× ~H
)
x
= 0 (23)
and idem for q2 and q3. These equations represent Ampe`re-Maxwell’s law in a medium where
µ0 ~H = ~B + 4Ae
(
E2
c2
−B2
)
~B − 14Ae
(
~E
c
· ~B
)
~E
c
. (24)
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Vacuum therefore behaves as a non linear polarisable and magnetisable medium, where
~P and ~M are given by
~P = 4Ae
(
E2
c2
−B2
)
ε0 ~E + 14ε0Ae
(
~E · ~B
)
~B (25)
~M = −4Ae
(
E2
c2
−B2
) ~B
µ0
+ 14Ae
(
~E
c
·
~B
µ0
)
~E
c
. (26)
Using the Lagrangian density (19) one can still describe electromagnetism in the absence
of matter using Maxwell’s equations but in the form (5): i.e. in a medium which is both
magnetised and polarised by an external field due to the presence of virtual electron-positron
pairs.
A direct consequence of the non linear behaviour of equations (22) and (24) is that
the velocity of light now depends on the presence of external fields in contradiction with
Maxwell’s equations in classical vacuum. Given a certain configuration of external fields, for
example in which ~B = µ0 µ( ~E, ~B) ~H and ~D = ε0 ε( ~E, ~B) ~E, the index of refraction n is
n =
√
εµ 6= 1. (27)
To summarise, vacuum fluctuations determine the following important facts:
• in vacuum ~D 6= ε0 ~E and ~B 6= µ0 ~H;
• Maxwell’s equations are no longer linear and the superposition principle is violated;
• in vacuum Light-by-Light scattering can occur and the velocity of light is vlight < c in
the presence of other electromagnetic fields;
• electromagnetism in vacuum is described by Maxwell’s equations in a medium.
Detecting this manifestation of quantum vacuum fluctuations at a macroscopic level
leading to a dependence of the velocity of light on an external field has been the primary
goal of the PVLAS experiment.
The effective Lagrangian density (19) was generalised in 1936 by W. Heisenberg and
H. Euler [5]. They determined an effective Lagrangian taking into account electron-positron
pairs in a non perturbative expression to all orders in the field invariants F and G in
a uniform external background field. Furthermore they introduced the idea of a critical
electric field
Ecr =
m2ec
3
~e
= 1.32× 1018 V/m. (28)
This field corresponds to the field intensity whose work over a distance equal to the reduced
Compton wavelength of the electron amounts to the rest energy of the electron: for fields
above Ecr real production of electron-positron pairs arise in vacuum [35]. Today Ecr is known
as the Schwinger critical field. One can also define a critical magnetic field Bcr as
Bcr =
m2ec
2
~e
= 4.4× 109 T. (29)
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Furthermore Heisenberg and Euler set the following conditions on the field derivatives
~
mec
|∇E|  E, ~
mec2
∣∣∣∣∂E∂t
∣∣∣∣ E (30)
~
mec
|∇B|  B, ~
mec2
∣∣∣∣∂B∂t
∣∣∣∣ B (31)
and asked that the field intensities were much smaller than their critical values: B  Bcr
and E  Ecr.
The resulting Heisenberg-Euler effective Lagrangian density for electromagnetic fields in
the absence of matter is
LHE = 1
2µ0
(
E2
c2
−B2
)
+ α
∫ ∞
0
e−ξ
dξ
ξ3
×
×
iξ2
√
ε0
µ0
(
~E · ~B
) cos [ ξ√C√ε0Ecr ]+ conj.
cos
[
ξ
√
C√
ε0Ecr
]
− conj.
+ ε0E
2
cr +
ξ2
3µ0
(
B2 − E
2
c2
) (32)
with
C =
1
µ0
(
E2
c2
−B2
)
+ 2i
√
ε0
µ0
(
~E · ~B
)
. (33)
The Euler-Kockel Lagrangian density (19) can be obtained from (32) through a second
order expansion in the field invariants F and G (see also Reference [36]).
A few years later, a number of researchers obtained the same effective Lagrangian density
from QED [37, 38].
2.2.1. Leading order vacuum birefringence and dichroism in Electrodynamics
In general, the index of refraction of a medium is a complex quantity: n˜ = n + iκ.
The real part n (known as the index of refraction tout court) determines the velocity of
propagation of light in the medium, whereas the imaginary part, known as the index of
absorption κ, describes the absorption of the medium.
A medium is said to be birefringent if n depends on the polarisation state of the prop-
agating light. Both linear and circular birefringences exist: the first is a birefringence for
linearly polarised light whereas the second is a birefringence for circularly polarised light
(also know as optical activity). Similarly a medium is said to be dichroic if the index of
absorption κ depends on the polarisation (both linear and circular).
Consider a linearly polarised beam of light propagating along a direction kˆ through an
external field perpendicular to kˆ. The relative dielectric constant and relative magnetic
permeability will be obtained from equations (22) and (24) where the electric and magnetic
fields ~E and ~B are the sum of the external fields, ~Eext and ~Bext, and the light fields ~Eγ and
~Bγ. In the case of an external magnetic field ~Bext one has ~E = ~Eγ and ~B = ~Bext + ~Bγ.
Furthermore, considering the case in which | ~Bext|  | ~Bγ| one finds
~Dγ = ε0
[
~Eγ − 4AeB2ext ~Eγ + 14Ae
(
~Eγ · ~Bext
)
~Bext
]
(34)
~Hγ =
1
µ0
[
~Bγ − 4AeB2ext ~Bγ − 8Ae
(
~Bγ · ~Bext
)
~Bext
]
. (35)
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The last terms on the right of these equations determines a polarisation dependence of the
relative dielectric constant ε and magnetic permeability µ. Indicating with the subscript ‖
and ⊥ the polarisation direction (electric field direction of the light) parallel and perpendic-
ular to the external magnetic field respectively one finds
ε‖ = 1 + 10AeB2ext
µ‖ = 1 + 4AeB2ext
n‖ = 1 + 7AeB2ext

ε⊥ = 1− 4AeB2ext
µ⊥ = 1 + 12AeB2ext
n⊥ = 1 + 4AeB2ext
(36)
where n is determined from equation (27). Both n‖ and n⊥ are greater than unity and a
birefringence is apparent:
n‖ − n⊥ = ∆n(EK) = 3AeB2ext. (37)
A measurement of the induced birefringence of vacuum due to an external magnetic field
would therefore allow a direct verification of the LEK Lagrangian. Better still would be the
independent measurement of n‖ and n⊥ which would completely fix the factors multiplying
the relativistic field invariants in the non linear Lagrangian correction (see equation (44)
below).
This birefringence is extremely small, reason for which it has never been directly observed
yet. Indeed for a field Bext = 1 T the induced birefringence is ∆n
(EK) = 3AeB
2
ext = 3.96 ×
10−24.
Similarly, by considering linearly polarised light propagating in an external electric field
~Eext, the corresponding relations to (36) are
ε‖ = 1 + 12AeE2ext/c
2
µ‖ = 1− 4AeE2ext/c2
n‖ = 1 + 4AeE2ext/c
2

ε⊥ = 1 + 4AeE2ext/c
2
µ⊥ = 1 + 10AeE2ext/c
2
n⊥ = 1 + 7AeE2ext/c
2.
(38)
Again both n‖ and n⊥ are greater than unity and the birefringence is
n‖ − n⊥ = ∆n(EK) = −3AeE
2
ext
c2
. (39)
Maximum electric fields of about 100 MV/m can be obtain in radio-frequency accelerator
cavities leading to a value of E2/c2 ≈ 0.1 T2 whereas constant magnetic fields up to ≈ 10 T
are relatively common leading to a B2 ≈ 100 T2. Furthermore, as will be discussed in
Section 3.1, for measuring vacuum birefringence the length of the field is also an important
factor. For this reason VMB experiments have been attempted only with external magnetic
fields. More details on the Kerr effect in vacuum can be found in Reference [39].
From LEK , and today from QED, it is also possible to determine the Light-by-Light
differential and total elastic cross section [40, 6, 41, 42]. In the center of mass and in the
low energy photon limit ~ω  mec2 the differential cross section for unpolarised light is
dσ
dΩ
= |f(ϑ,Eγ)|2 = 139
4pi2902
α4
(
~ω
mec2
)6( ~
mec
)2 (
3 + cos2 ϑ
)2
. (40)
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Integrating over one hemisphere, since the two final-state photons are identical, results in
the total cross section for unpolarised light
σLbL =
973
10125pi
α4
(
~ω
mec2
)6( ~
mec
)2
=
973µ20
20pi
(
~2ω6
c4
)
A2e (41)
proportional to A2e. For light with wavelength λ = 1064 nm the total elastic cross section in
the center of mass is
σLbL = 1.8× 10−69 m2. (42)
Measurements performed by Bernard et al. [23] have reached σ
(exp.)
LbL = 1.48 × 10−52 m2 for
λ = 805 nm. At very high energies the ATLAS collaboration has observed Light-by-Light
elastic scattering confirming LEK [13, 14].
The connection between the total photon-photon cross section and vacuum birefringence
through the parameter Ae describing non linear QED effects, makes non linear QED searches
via ellipsometric techniques very attractive.
Today Light-by-Light scattering and vacuum magnetic birefringence are represented us-
ing the Feynman diagrams in Figure 1 left and right respectively.
Figure 1: Feynman diagrams representing Light-by-Light elastic scattering (left) and vacuum magnetic
birefringence (right).
Let us now consider the imaginary part κ of the complex index of refraction n˜. A value of
κ different from zero corresponds to a disappearance of photons from the propagating beam.
In a dichroism, this interaction depends on the polarisation of the light resulting in ∆κ 6= 0.
In QED vacuum is dichroic for external fields of the order of the critical fields Bcr and Ecr
[43]. Another possible process resulting in ∆κ 6= 0 is photon splitting [44, 45, 46, 47, 48, 49]
whereby an incident photon of energy ~ω is transformed into two photons of energy ~ω′ and
~ω′′ such that ~ω′ + ~ω′′ = ~ω.
+  permutations
Figure 2: Forbidden low energy photon-splitting process with only one interaction with the external field
(left) and the lowest order photon splitting diagram (right).
For photon splitting, several authors [44, 45, 46] have shown that this is forbidden in the
non-dispersive case with only one interaction with the external field. The Feynman diagram
12
representing this forbidden process is shown in Figure 2, left. It has also been shown that the
first non zero term in photon splitting is with three interactions with the external field for a
total of six couplings to the fermion loop (Figure 2, right). Furthermore, the 6-vertex photon
splitting process is polarisation dependent generating a dichroism (polarisation dependent
absorption) ∆κ(EH) = κ‖ − κ⊥. Given linearly polarised light with polarisation parallel ‖ or
perpendicular ⊥ to the plane formed by ~Bext and ~k, the absorption indeces are
κ(⊥‖)
=
(
0.030
0.014
)(
α3
120pi2
)(
~ω
mec2
)4(
Bext
Bcr
)6
≈
(
30
14
)
7× 10−94
(
~ω
1 eV
)4(
Bext
1 T
)6
. (43)
Clearly with such small values of κ one can assume that the Heisenberg-Euler effective
Lagrangian LHE does not generate a magnetic dichroism in vacuum in the optical range.
Photon splitting has been observed for high-energy photons in the electric field of atoms
[50].
2.2.2. Higher order corrections
V. I. Ritus (1975) [51] determined the correction to LHE in an external field taking into
account the radiative interaction between the vacuum electron-positron pairs. These radia-
tive corrections, represented by the Feynman diagrams shown in Figure 3, also contribute
to VMB.
Figure 3: Two Feynman diagrams representing the radiative corrections to vacuum magnetic birefringence.
In general, given a Lagrangian density to second order in the invariants F and G with
coefficients Ae
µ0
η1 and
Ae
µ0
η2 respectively
L = LCl + Ae
µ0
η1(E2
c2
−B2
)2
+ η2
(
~E
c
· ~B
)2 (44)
the vacuum magnetic birefringence resulting from equations (34) and (35) is
n‖ − n⊥ = ∆n = (η2 − 4η1)AeB2ext. (45)
Ritus determined the complete α3 two-loop correction to the Lagrangian density which
in the approximation for E  Ecr and B  Bcr results in
L(≤2 loop) = LEK + α
36pi
Ae
µ0
160(E2
c2
−B2
)2
+ 1315
(
~E
c
· ~B
)2 . (46)
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According to equation (45) the resulting radiative corrected vacuum birefringence is
∆n(EK,rad) = 3AeB
2
ext
(
1 + α
25
4pi
)
(47)
where the correction term with respect to ∆n(EK) is α 25
4pi
= 1.45%.
2.2.3. Born-Infeld
Other non linear electrodynamic theories have been proposed, one of which is the Born-
Infeld theory (1934) [52, 53, 54]. The basis of this theory is to limit the electric field to a
maximum value defined by a parameter b. The corresponding Lagrangian density is
LBI = b
2
c2µ0
1−
√√√√1− c2
b2
(
E2
c2
−B2
)
− c
4
b4
(
~E
c
· ~B
)2 (48)
which expanded to second order in the invariants F and G results in
LBI = LCl + c
2
8b2µ0
(E2
c2
−B2
)2
+ 4
(
~E
c
· ~B
)2+ ... (49)
One feature of this theory is that the self energy of a point charge is finite. In the case of
the electron, by setting this self energy equal to the rest mass energy of the electron results
in a maximum electric field [55]
b0 = EBI = 1.19× 1020 V/m. (50)
Other interesting consequences of this model can be found in Reference [56]. Interestingly
from equation (45) the Born-Infeld theory does not predict a birefringence hence the mea-
surement of a vacuum magnetic birefringence would completely rule out the model. This
theory, though, does predict variations from unity of n‖ and n⊥ and also predicts Light-by-
Light scattering, independently from the value of the parameter b [57]. As briefly discussed
in Section 3.6 in principle the separate determination of n‖ and n⊥ could be possible using,
for example, a gravitational wave antenna such as LIGO or VIRGO equipped with magnetic
fields along the arms.
2.3. Axion like particles
The propagation of light in an external electromagnetic field could also depend on the
existence of hypothetical light neutral particles coupling to two photons. The involved
processes are shown in Figure 4: the production diagram implies an absorption of light
quanta, whereas a phase delay is produced by the recombination process. The search for
such particles having masses below ∼ 1 eV has recently gained strong impulse after it was
clear that such particles could be a viable candidate for particle dark matter.
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Figure 4: Production (left) and recombination (right) of a spin-zero particle coupled to two photons through
the Primakoff effect [58].
In general, there are arguments to believe that there is new physics, mainly meaning
new particles, beyond the standard model. The indications for the existence of dark matter
and dark energy, and the absence of an electric dipole moment of the neutron are among
the experimental facts requesting an extension of the standard model.
Light, weakly interacting, neutral pseudoscalar or scalar particles arise naturally in ex-
tensions of the standard model that introduce new fields and symmetries. In fact, in the
presence of a spontaneous breaking of a global symmetry, such particles appear as mass-
less Nambu-Goldstone bosons. If there is a small explicit symmetry breaking, either in the
Lagrangian or due to quantum effects, the boson acquires a mass and is called a pseudo-
Nambu-Goldstone boson. Typical examples are familons [59], and Majorons [60] associated,
respectively, with the spontaneously broken family and lepton-number symmetries.
Another popular example of a pseudo Nambu-Goldstone boson is the axion. Its origin
stems from the introduction by Peccei and Quinn (PQ) [61, 62] of a new global symmetry
to solve the strong CP problem of QCD, i.e. the absence of CP violation within the strong
interactions. The high energy breaking of the PQ symmetry gives rise to a light pseudoscalar
called the axion [63, 64, 65]: the value of its mass is not predicted while the couplings to
the standard model particles are well defined by the exact model implementing the PQ
symmetry. Couplings are generally very weak and proportional to the mass of the axion.
A more general class of Axion Like Particles (ALPs) has also been introduced: for
the ALPs the mass and coupling constants are independent. Axions and ALPs have been
searched for in dedicated experiments since their proposal [66], however to date no detection
has been reported and only a fraction of the available parameter space has been probed.
Indeed, nowadays there are experiments or proposals that study masses starting from the
lightest possible value of 10−22 eV up to several gigaelectronvolt. A most favorable window
has been also identified in the mass range between 10 µeV and 1 meV.
The greater part of the experimental searches relies on the axion-photon coupling me-
diated by a two photon vertex of Figure 4. Other searches are based on the axion-electron
interaction, present through an axion spin interaction only in some models like the Dine-
Fishler-Sredincki-Zhitnitsky (DFSZ) [67, 68] one. A comprehensive review of the experi-
mental efforts to search for ALPs and axion can be found in [69, 70].
Due to its very small coupling and mass, the axion could be a valid candidate as a
dark matter component, since large quantities could have been produced at an early stage
of the Universe. Axion haloscopes search for the conversion of cosmological axions with
the assumption that axions are the dominant component of the local dark matter density.
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The current leading experiment following this line of research is ADMX (Axion Dark Matter
eXperiment) searching for the resonant conversion of axions in a microwave cavity immersed
in a strong static magnetic field [71].
Axions and ALPs can be produced in hot astrophysical plasmas and could transport
energy out from stars, thus contributing to stellar lifetimes. Limits on axion mass and
coupling can be set by studying stellar evolution. In the case of the Sun, solar axions could
also be detected on earth based apparatuses. While these experiments rely on solar/stellar
models and on dark matter models, there are pure laboratory experiments where the axion
is produced and directly detected in a totally model independent manner. However, due to
the smallness of the coupling, only ALPs parameter space is studied with presently available
techniques.
Search for axions or ALPs using laboratory optical techniques was experimentally pi-
oneered by the BFRT collaboration [72] and subsequently continued by the PVLAS col-
laboration with an apparatus installed at INFN National Laboratories in Legnaro (LNL)
[73, 74, 75]. As will be discussed below, the measurement in a PVLAS-type apparatus of the
real and imaginary part of the index of refraction of a vacuum magnetised by an external
field could give direct information on the mass and coupling constant of the searched for
particle. Other laboratory optical experiments are the so called “light shining through a
wall” (LSW) apparatuses, where a regeneration scheme is employed [76, 77, 78, 79, 80, 81].
Regarding polarisation effects the Lagrangian densities describing the interaction of
axion-like particles with two photons, for convenience expressed in natural Heaviside-Lorentz
units2, can be written as
La = gaφa ~E · ~B and Ls = gsφs
(
E2 −B2) (51)
where ga and gs are the coupling constants to two photons of the pseudoscalar field φa or
scalar field φs, respectively. Therefore, in the presence of an external uniform magnetic field
~Bext the component of the electric field of light ~Eγ parallel to ~Bext will interact with the
pseudoscalar field. For the scalar case the opposite is true: an interaction is only possible
for the component of ~Eγ normal to ~Bext.
For photon energies above the mass ma,s of such particle candidates, a real production
can follow: the oscillation of photons into such particles decreases the amplitude of only one
of the polarisation components of the propagating light resulting in a dichroism ∆κ. On the
other hand, even if the photon energy is smaller than the particle mass, virtual production
can take place, causing a reduction of the speed of light of one component with respect to
the other resulting in a birefringence ∆n. The phase difference ∆ϕ = ϕ‖ − ϕ⊥ and the
difference in relative amplitude reduction ∆ζ = ζ‖ − ζ⊥ accumulated in an optical path LB
inside the magnetic field region resulting respectively from ∆κ and ∆n are
∆ϕ = ∆n
2piLB
λ
∆ζ = ∆κ
2piLB
λ
. (52)
2In natural Heaviside-Lorentz units 1 T =
√
~3c3
e4µ0
= 195 eV2 and 1 m = e~c = 5.06× 106 eV−1.
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In the pseudoscalar case na‖ > 1, κ
a
‖ > 0, n
a
⊥ = 1 and κ
a
⊥ = 0 whereas in the scalar
case ns⊥ > 1, κ
s
⊥ > 0, n
s
‖ = 1 and κ
s
‖ = 0. It can be shown that the dichroism ∆κ and the
birefringence ∆n due to the existence of such bosons can be expressed in both the scalar
and pseudoscalar cases as [82, 83, 84, 85]:
|∆κ| = κa‖ = κs⊥ =
2
ωLB
(
ga,sBextLB
4
)2(
sinx
x
)2
(53)
|∆n| = na‖ − 1 = ns⊥ − 1 =
1
2
(
ga,sBext
2ma,s
)2(
1− sin 2x
2x
)
(54)
where, in vacuum, x =
LBm
2
a,s
4ω
, ω is the photon energy and LB is the magnetic field length.
In the approximation x 1 (small masses) expressions (53) and (54) become
|∆κ| = κa‖ = κs⊥ =
2
ωLB
(
ga,sBextLB
4
)2
(55)
|∆n| = na‖ − 1 = ns⊥ − 1 =
1
3
(
ga,sBextma,sLB
4ω
)2
(56)
where it is interesting to note that ∆κ in this case is independent of ma,s. Vice versa for
x 1
|∆κ| = κa‖ = κs⊥ < 2ω
(
ga,sBext
m2a,s
)2
(57)
|∆n| = na‖ − 1 = ns⊥ − 1 =
1
2
(
ga,sBext
ma,s
)2
. (58)
Note that the birefringence induced by pseudoscalars and scalars are opposite in sign: na‖ >
na⊥ = 1 whereas n
s
‖ = 1 < n
s
⊥.
The detection of an ALPs-induced birefringence and dichroism would allow the determi-
nation of the mass and coupling constant of the ALPs to two photons.
2.4. Millicharged particles
Consider now vacuum fluctuations of hypothetical particles with charge ±e and mass
m as discussed in References [86, 87]. Photons traversing a magnetic field may interact
with such fluctuations resulting in a phase delay and, for photon energies ~ω > 2mc2, in a
millicharged pair production. Therefore a birefringence and a dichroism will result if such
hypothetical particles existed. The cases of Dirac fermions (Df) and of scalar (sc) bosons
here are considered separately. The indices of refraction for light polarised respectively
parallel and perpendicular to the external magnetic field have two different mass regimes
defined by the dimensionless parameter χ:
χ ≡ 3
2
~ω
mc2
eBext~
m2c
2
. (59)
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In the case of fermions, it can be shown that [88, 86]
∆n(Df) = AB
2
ext

3 forχ 1
−9
7
45
2
pi1/221/3
[
Γ
(
2
3
)]2
Γ
(
1
6
) χ−4/3 forχ 1 (60)
where
A =
2
45µ0
~3
m4c
5
4α2 (61)
in analogy to equation (20). Note that in the limit of large masses (χ  1) expression
(60) reduces to equation (36) with the substitution of e with e and m with me. For small
masses (χ  1) the birefringence depends on the parameter χ−4/3 therefore resulting in a
net dependence of ∆n(Df) with B
2/3
ext rather than B
2
ext as in equation (36). For dichroism one
finds [89, 86]
∆κ(Df) =
1
8pi
3eαλBext
mc

√
3
32
e−4/χ forχ 1
2pi
3 Γ(1
6
)Γ(13
6
)
χ−1/3 forχ 1. (62)
Very similar results are found for the case of scalar millicharged particles [86]. Again
there are two mass regimes defined by the same parameter χ of expression (59). In this case
the magnetic birefringence is
∆n(sc) = AB
2
ext

−6
4
forχ 1
9
14
45
2
pi1/221/3
[
Γ
(
2
3
)]2
Γ
(
1
6
) χ−4/3 forχ 1 (63)
and the dichroism is
∆κ(sc) =
1
8pi
3eαλBext
mc

−
√
3
8
e−4/χ forχ 1
− pi
3 Γ(1
6
)Γ(13
6
)
χ−1/3 forχ 1. (64)
As can be seen, there is a sign difference with respect to the case of Dirac fermions, both
for the induced birefringence and the induced dichroism.
Vacuum magnetic birefringence and vacuum magnetic dichroism limits can therefore
constrain the existence of such millicharged particles.
2.5. Chameleons and Dark energy
An open issue of modern cosmology is the understanding of the cosmic acceleration [90,
91]. The presence of a scalar field sourcing the dark energy responsible for this acceleration
is envisaged in several theories [92]. To comply with experimental bounds, a screening
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mechanism preventing the scalar field to act as a fifth force is however necessary [93]. The
chameleon mechanism provides a way for this suppression via nonlinear field self-interactions
and interactions with the ambient matter [94, 95]. It can be seen that the chameleon fields
behave as Axion Like Particles with respect to photons in an experiment of PVLAS type,
with coupling constant to photons Mγ. Brax and co-workers [96] have calculated the effect
on the rotation and ellipticity measurements in the presence of a chameleon field. One
feature of the chameleon model is that the ellipticity is predicted to be much larger than
the rotation. This can be viewed as a generic prediction of chameleon theories and it is
due to the fact that chameleons could be reflected off the cavity mirrors. The difficulty in
calculating the expected effects is that these are related to the geometrical size of the cavity,
the magnetic field and the density of matter in the laboratory vacuum. For these reasons in
this paper we will not try to extract chameleon information from the PVLAS data. More
details can be found in References [96, 97].
3. The experimental method
3.1. Polarimetric scheme
Birefringence and dichroism are local properties of a medium and can be determined
by detecting their effect on the propagation of light. Here we will discuss the polarimet-
ric scheme adopted by PVLAS in the attempt to measure magnetically induced vacuum
birefringence and dichroism.
ϑ
n||
n
X
X
Y
Y
Z
Ein
Birefringent
medium
L
outE
Y
X
Figure 5: Reference frame for the calculations below. The parameters n‖ and n⊥ are the indices of refraction
for light polarised parallel and perpendicularly to the axis of the medium.
Consider a monochromatic linearly polarised beam of light propagating along the Zˆ axis.
Let us also assume that the polarisation (electric field) is directed vertically along the Xˆ axis
and let this beam propagate through a uniformly birefringent medium of thickness L whose
slow ‖ and fast ⊥ axes are perpendicular to Zˆ. Finally let the slow axis of the medium form
an angle ϑ with the Xˆ axis. This reference frame is shown in Figure 5. The components
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of the electric field along the ‖ and ⊥ axes of the propagating beam will acquire a phase
difference ∆ϕ at the output of the medium given by
∆ϕ = ϕ‖ − ϕ⊥ = 2pi
λ
(
n‖ − n⊥
)
L. (65)
More in general, the total optical path difference ∆D between the ‖ and ⊥ components of
the electric field is
∆D =
∫
∆n(z)dz. (66)
Given the reference frame in Figure 5 the input electric field can be written as ~Ein =
Eine
iϕ(t)
(
1
0
)
where ϕ(t) contains the time dependent phase of the wave which, from now on,
we will neglect. To determine the output electric field one can project ~Ein along the ‖ and ⊥
axes, propagate the beam through the medium and finally project back to the Xˆ,Yˆ reference
frame. Assuming ∆ϕ 1, the output field will acquire a component along the Yˆ axis:
~Eout ≈ Ein
(
1 + i∆ϕ
2
cos 2ϑ
i∆ϕ
2
sin 2ϑ
)
= Ein
(
1 + ipi
λ
∆D cos 2ϑ
ipi
λ
∆D sin 2ϑ
)
(67)
describing an ellipse. The ratio of the amplitudes of the output electric field along the Yˆ
and Xˆ axes, Ey,out/Ex,out, is defined as the ellipticity ψϑ of the polarisation:
ψϑ = ψ sin 2ϑ ≈ ∆ϕ
2
sin 2ϑ =
pi
λ
∫
∆n(z)dz sin 2ϑ =
pi
λ
∆D sin 2ϑ. (68)
Setting ϑ = pi/4 the measurement of the electric field component along Yˆ gives a direct
determination of ∆D.
Note here that the two components of the electric field along the Xˆ and Yˆ axes oscillate
with a phase difference of pi/2. This fact is important inasmuch as it will allow the distinction
between an ellipticity ψ and a rotation φ. Indeed an electric field whose polarisation is
rotated by an angle φ 1 with respect to the Xˆ axis can be written as
~Eout = Ein
(
cosφ
sinφ
)
≈ Ein
(
1
φ
)
(69)
where the Xˆ and Yˆ components of the electric field oscillate in phase.
A similar treatment may be made in the presence of a dichroism. Assuming absorption
indices κ‖ and κ⊥ along the ‖ and ⊥ axes, the electric field after the medium will be
~Eout ≈ Ein
(
1− ∆ζ
2
cos 2ϑ
−∆ζ
2
sin 2ϑ
)
(70)
where ∆ζ = 2pi∆κL
λ
. A rotation is therefore apparent given by
φϑ = φ sin 2ϑ = −∆ζ
2
sin 2ϑ = −pi
λ
∫
∆κ(z) dz sin 2ϑ = −pi
λ
∆A sin 2ϑ (71)
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Figure 6: Scheme of the PVLAS polarimeter. A rotating magnetic field between the cavity mirrors generates
a time dependent ellipticity.
where in analogy to the optical path difference ∆D we have introduced ∆A = ∫ ∆κ(z) dz.
The general scheme of a sensitive polarimeter is shown in Figure 6. Linearly polarised
light is sent to a Fabry-Perot optical cavity. The beam then passes through a dipolar
magnetic field forming an angle ϑ with the polarisation direction. In general either the
intensity of the magnetic field Bext or its direction may vary in time so as to modulate the
induced ellipticity and/or rotation. A variable known ellipticity η(t) = η0 cos(2piνmt + ϑm)
generated by a modulator is then added to the polarisation of the beam transmitted by the
Fabry-Perot. For rotation measurements (as will be discussed below) a quarter-wave plate
(QWP) may be inserted between the output mirror of the cavity and the modulator. Finally
the beam passes through a second polariser set to extinction. Both the powers I⊥ and I‖, of
the ordinary and extraordinary beams are collected by photodiodes. The ellipticity and/or
rotations induced by the magnetic field can be determined from a Fourier analysis of the
detected currents.
When considering monochromatic light, the Jones’ matrices [98] may be used to describe
how an ellipticity and/or a rotation evolves when light passes consecutively through several
media. Here we will assume the presence of both a linear birefringence and a linear dichroism
both having the same axes. These will generate an ellipticity ψ and a rotation φ. Defining
ξ/2 = iψ + φ, the Jones’ matrix of these effects is diagonal in the (‖,⊥) reference frame:
X‖,⊥ =
(
eξ/2 0
0 e−ξ/2
)
. (72)
With respect to the Xˆ and Yˆ axes X‖,⊥ must be rotated by an angle ϑ resulting in
X(ϑ) =
(
eξ/2 cos2 ϑ+ e−ξ/2 sin2 ϑ 1
2
sin 2ϑ
(
eξ/2 − e−ξ/2)
1
2
sin 2ϑ
(
eξ/2 − e−ξ/2) e−ξ/2 cos2 ϑ+ eξ/2 sin2 ϑ
)
. (73)
Three matrices of the type of equation (73) will be of particular interest for us to describe
this scheme: the first has |ψ|  1 and |φ| = 0 describing the effect of a pure birefringence,
the second |ψ| = 0 and |φ|  1 describing a pure rotation and the third, describing the
ellipticity modulator, has |ψ| = |η|  1 and |φ| = 0 with ϑ = pi/4. These three matrices are
respectively
BF(ϑ) =
(
1 + iψ cos 2ϑ iψ sin 2ϑ
iψ sin 2ϑ 1− iψ cos 2ϑ
)
(74)
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DC(ϑ) =
(
1 + φ cos 2ϑ φ sin 2ϑ
φ sin 2ϑ 1− φ cos 2ϑ
)
(75)
MOD =
(
1 iη
iη 1
)
(76)
where BF(ϑ) ·DC(ϑ) = X(ϑ).
Neglecting for the moment the Fabry-Perot cavity, the polarimeter configured for ellip-
ticity measurements can be described by the composition of the above matrices (74), (75)
and (76). The output electric field after the analyser will be (ψ  1, φ 1, η  1)
~E
(ell)
out = Ein A ·MOD ·X(ϑ)
(
1
0
)
≈ Ein A ·MOD ·BF ·DC
(
1
0
)
(77)
where
A =
(
0 0
0 1
)
(78)
represents the analyser. The extinguished power after the analyser is therefore
I
(ell)
⊥ = Iout |iη(t) + (iψ + φ) sin 2ϑ(t)|2 ≈ I‖
[
η(t)2 + 2η(t)ψ sin 2ϑ(t) + ...
]
(79)
where we have approximated Iout ≈ I‖. In the absence of losses
I‖ ≈ Iout = Iin = ε0c
2
∫
E2in dΣ. (80)
In equation (79) the dots indicate higher order terms in φ and ψ and we assume that the
magnetic field direction is rotating such that ϑ(t) = 2piνBt+ϑB. In general the field intensity
may be varied with a fixed ϑ and the induced ellipticity would then be ψ(t) sin 2ϑ but since
the PVLAS experiment has always rotated the magnetic field, expression (79) makes it clear
that the sought for effect will appear at twice the rotation frequency of the magnetic field.
Being both the ellipticity terms iψ sin 2ϑ(t) and iη(t) imaginary quantities, these will beat
linearising the signal which would otherwise be quadratic in ψ. The rotation φ generated
between the polariser and the analyser, though, will not beat with the modulator since it is
real.
In the scheme of Figure 6, to perform rotation measurements one must insert before
the modulator the quarter-wave plate aligned with one of its axes parallel to the input
polarisation. The matrix describing this optical element with the slow axis aligned with the
polarisation is
Q =
1√
2
(
1 + i 0
0 1− i
)
. (81)
The effect of this wave plate is to add a phase pi/2 to E‖ with respect to E⊥ such that
iψ → +ψ and φ→ −iφ. On the other hand with the fast axis of the QWP aligned with the
polarisation the signs of the transformations will change. Using the matrix in equation (81)
the electric field after the analyser will be
~E
(rot)
out ≈ EinA ·MOD ·Q ·BF ·DC
(
1
0
)
. (82)
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The rotation φ transformed to ellipticity −iφ will now beat with the modulator, whereas the
ellipticity iψ transformed to a rotation ψ will not. The extinguished power at the output of
the polarimeter will be
I
(rot)
⊥ = Iout |iη(t) + (ψ − iφ) sin 2ϑ(t)|2 ≈ I‖
[
η(t)2 − 2η(t)φ sin 2ϑ(t) + ...] . (83)
By inserting and extracting the QWP one can then switch between rotation and ellipticity
measurements.
The heterodyne method is employed to measure ψ or φ. By setting η(t) = η0 cos(2piνmt+
ϑm), with νB  νm, the sought for values of the quantities ψ or φ can be extracted from
equations (79) or (83) from the amplitude and phase of three components in a Fourier
transform of the extinguished power I⊥: the component I2νm = I‖η
2
0/2 at 2νm and the
sideband components I+ and I− at νm±2νB. When a lock-in amplifier is used to demodulate
I⊥ at the frequency νm, instead of I+ and I− there is a single component I2νB = I+ + I− =
2I‖η0ψ at 2νB (or I2νB = 2I‖η0φ in the case of rotations). The resulting ellipticity and
rotation can be written as functions of measured quantities:
ψ, φ =
I2νB
2
√
2I‖I2νm
=
I2νB
2η0I‖
=
I2νB
I2νm
η0
4
. (84)
The ellipticity and the rotation come with a well defined phase 2ϑB such that ψ(t) or
φ(t) are maximum for ϑ = pi/4 (mod pi).
3.2. The Fabry-Perot interferometer as an optical path multiplier
Consider now the presence of the Fabry-Perot cavity whose mirrors have reflectivity,
transmissivity and losses respectively R, T and P such that R + T + P = 1. We are
assuming the two mirrors to be identical. If D is the optical path length between the two
mirrors let δ = 4piD
λ
be the round trip phase acquired by the trapped light. To understand
the principle of the Fabry-Perot let us neglect for the moment polarisation effects due to the
magnetic field and to the cavity itself. The electric field at the output of the Fabry-Perot
will be
Eout = EinTe
iδ/2
∞∑
j=0
Rjejiδ = EinT
eiδ/2
1−Reiδ (85)
where Ein is the incident electric field. It is clear that for δ = 2mpi
Eout = ±
(
T
T + P
)
Ein (86)
and in the ideal case in which P  T then Eout = ±Ein and Iout = Iin. If δ = 2mpi+ δ′ with
δ′  (1−R), the output field will become
Eout = EinT
(1−R) cos δ′
2
+ i(1 +R) sin δ
′
2
1 +R2 − 2R cos δ′ ≈ Ein
T
T + P
ei
1+R
1−R
δ′
2 . (87)
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The Fabry-Perot will amplify the small phase shift δ
′
2
by a factor 1+R
1−R ≈ 21−R with R . 1.
Now δ
′
2
represents the single pass phase deviation from pi acquired by the light between
the two mirrors. Therefore the phase shift ∆ϕ of the output field will be [compare with
equation (68)]
∆ϕ =
1 +R
1−R
δ′
2
=
2pi
λ
(
1 +R
1−R
)
D′. (88)
The Fabry-Perot amplifies the optical path length variation of the light between the mirrors
by a factor N where
N =
2
1−R =
2F
pi
(89)
with F = pi/(1− R) being the finesse of the cavity. Today values of N ∼ 105 − 106 can be
reached [99].
Remembering that the index of refraction is actually a complex quantity, then also δ will
be. Its imaginary part will depend on the presence of an index of absorption κ: iδ¯ = i4piκL
λ
.
Assuming now δ = 2mpi + iδ¯, expression (85) will become
Eout = ±EinT e
−δ¯/2
1−Re−δ¯ ≈ ±Ein
T
T + P
(
1− 1 +R
1−R
δ¯
2
)
. (90)
The relative amplitude reduction ζ = δ¯/2 is also multiplied by N :
ζ =
1 +R
1−R
δ¯
2
=
2pi
λ
(
1 +R
1−R
)
A. (91)
Hence, given the relations (68) and (71), a Fabry-Perot can be used to amplify both an
ellipticity and a rotation [100, 101, 102, 103]. Indeed, if the region between the mirrors is
birefringent the Fabry-Perot can be described using the Jones formalism as
FP = Teiδ/2
∞∑
j=0
[
ReiδBF2
]j ·BF = Teiδ/2 [I−ReiδBF2]−1 ·BF. (92)
taking into account the ellipticity accumulated within the Fabry-Perot. Applying FP to
~Ein = Ein
(
1
0
)
and considering δ = 2mpi with Nψ  1 one finds
~Eout ≈ Ein T
T + P
(
1 + iNψ cos 2ϑ
iNψ sin 2ϑ
)
. (93)
The optical path difference between the two polarisation components is multiplied by the
amplification factor N of the Fabry-Perot and consequently the total accumulated ellipticity.
Equation (79) will therefore be modified to
I
(ell)
⊥ = I‖
[
η(t)2 + 2η(t)Nψ sin 2ϑ(t) + ...
]
. (94)
The same is true in the case of rotation measurements. The differential absorption of the
light along the ‖ and ⊥ directions is amplified by N and therefore also the induced rotation
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φ. The total rotation Nφ is then transformed by the QWP: Nφ→ −iNφ (with the quarter-
wave plate in Figure 6 inserted oriented as in equation (81)).
I
(rot)
⊥ = I‖
[
η(t)2 − 2η(t)Nφ sin 2ϑ(t) + ...] . (95)
In both cases we have that
I‖ = Iin
(
T
T + P
)2
(96)
Experimentally two other considerations must be made during ellipticity measurements:
the polariser and analyser have an intrinsic non zero extinction ratio I⊥/I‖ = σ2 and an
ellipticity noise γ(t) (which may or may not have contributions depending on N) is present
between the two polarisers. As will be discussed in Section 6.3.7, this latter issue is domi-
nated by the Fabry-Perot mirrors when the finesse is very high. Considering the case of no
magnetically induced dichroism, therefore φ = 0, equation (94) is modified to
I
(ell)
⊥ = I‖
[
σ2 + η(t)2 + 2η(t)Nψ sin 2ϑ(t) + 2η(t)γ(t) + ...
]
. (97)
The same is true in the case of rotation measurements. In the presence of a dichroism but
in the absence of birefringence equation (95) will become
I
(rot)
⊥ = I‖
[
σ2 + η(t)2 − 2η(t)Nφ sin 2ϑ(t)− 2η(t)Γ(t) + ...] . (98)
where again one must also include the rotation noise Γ(t).
By applying equation (84) one then determines the total acquired ellipticity Ψ = 2F
pi
ψ
and rotation Φ = 2F
pi
φ generated inside the cavity.
3.3. Fabry-Perot systematics
3.3.1. Phase offset and cavity birefringence
An issue arises if the light inside the Fabry-Perot cavity does not satisfy exactly the
condition δ = 2mpi [104]. Consider a Fabry-Perot with a birefringent medium between the
mirrors as in equation (92). Applying FP to ~Ein = Ein
(
1
0
)
with ψ  δ  (1−R) one finds
~Eout ≈ EinT e
iδ/2
1−Reiδ
(
1
1+Reiδ
1−Reiδ iψ sin 2ϑ
)
≈ Eouteiδ/2
(
1
(1+iNδ)Niψ sin 2ϑ
1+N2 sin2 δ/2
)
(99)
where
|Eout|2 = E2in
(
T
T + P
)2(
1
1 +N2 sin2 δ/2
)
(100)
It is apparent now that the component of ~Eout along the Yˆ direction (see Figure 5) is no
longer only imaginary. It also has a real part indicating a rotation:
iΨ = i
Nψ
1 +N2 sin2 δ/2
Φ = − N
2ψδ
1 +N2 sin2 δ/2
(101)
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In general in the presence of both a rotation φ and an ellipticity ψ, ~Eout along the Yˆ will
have an imaginary part and a real part leading to
iΨ = i
N
1 +N2 sin2 δ/2
[ψ +Nφδ] (102)
Φ =
N
1 +N2 sin2 δ/2
[φ−Nψδ] . (103)
There is therefore a cross talk between ellipticities and rotations in FP cavities not perfectly
tuned to the maximum of a resonance. With a purely birefringent medium this cross talk
mimics a dichroism and vice versa.
Until now we have assumed the mirrors of the cavity to be isotropic. In practice this
is not the case. All mirrors present a small birefringence ‘map’ over the reflecting surface
[105, 106, 107]. A roundtrip of light inside the Fabry-Perot requires one reflection on each
mirror where each mirror acts like a wave plate with a retardation α1,2 and an orientation.
We recall from Reference [108] that the effect of two birefringent wave plates is equivalent
to that of a single wave plate with a phase difference αEQ given by
αEQ =
√
(α1 − α2)2 + 4α1α2 cos2 φWP (104)
where φWP is the azimuthal angle of the second mirror’s slow axis with respect to the first
mirror’s slow axis. Furthermore the slow axis of the equivalent wave plate has an angle φEQ
with respect to the slow axis of the first mirror given by
cos 2φEQ =
α1/α2 + cos 2φWP√
(α1/α2 − 1)2 + 4(α1/α2) cos2 φWP
. (105)
During the operation of the polarimeter the input polarisation is aligned to either the
slow or the fast axis of the equivalent wave plate of the two mirrors so as to be able to work
at maximum extinction. In the following we will assume that the polarisation is aligned
with the slow axis of the cavity.
With these considerations one can introduce, in the Jones’ matrix of the birefringent
Fabry-Perot cavity of equation (92), the diagonal matrix describing the equivalent wave
plate of the cavity mirrors:
M =
(
ei
αEQ
2 0
0 e−i
αEQ
2
)
. (106)
Assuming initially that ψ = 0, the polarisation auto-states of the Faby-Perot cavity are
given by ( [
1−Rei(δ+αEQ2 )
]−1
0
)
and
(
0[
1−Rei(δ−αEQ2 )
]−1 ) . (107)
The above equations show that the resonance curves of the two polarisation modes are no
longer centred at δ = 0 and are separated by the quantity αEQ: there is a frequency difference
between the two resonances
∆ναEQ = αEQ
c
4pid
=
αEQ
2pi
νfsr (108)
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where we have introduced the free spectral range of the cavity νfsr corresponding to the
frequency difference between two adjacent longitudinal Fabry-Perot modes: ∆δ = 2pi.
In the PVLAS experiment the laser is phase-locked to the resonance frequency of the
cavity by means of a feedback electronic circuit based on the Pound-Drever-Hall locking
scheme [109, 110] in which the error signal is carried by the light reflected from the cavity
through the input polariser. As a consequence, the laser is locked to the ‖ polarisation auto-
state of the cavity in equation (107) with δ = −αEQ/2 (corresponding to the Xˆ axis) while
the orthogonal component which will contain the ellipticity and/or rotation information is
off resonance by δ = αEQ.
Two issues arise. Firstly, when analysing the extinguished beam one must take into ac-
count the fact that its power is reduced by the factor in equation (100), with the substitution
δ → αEQ:
k(αEQ) =
1
1 +N2 sin2(αEQ/2)
≤ 1 (109)
with respect to the parallel polarisation power I‖. By varying the input polarisation direction
and the relative angle φWP between the two mirrors’ axes, it is possible to minimise the effect
of the wave plates of the mirrors by aligning the slow axis of one mirror against the fast
axis of the other corresponding to cosφWP = 0 in equation (104). This ensures that the two
curves are as near as possible with αEQ at its minimum and k(αEQ) at its maximum.
Secondly, in the presence of a birefringent and/or dichroic medium between the mirrors,
analogously to equations (102) and (103), a symmetrical mixing appears between rotations
and ellipticities. In fact, the electric field at the exit of the cavity is
~Eout(ϑ, δ) = Ein
[
I−ReiδX(ϑ) ·M ·X(ϑ)]−1 · Tei δ2X(ϑ) · ( 1
0
)
(110)
resulting in
Eout,⊥ ≈ Eout
1 + iN( δ
2
− αEQ
4
)
1 +N2 sin2( δ
2
− αEQ
4
)
N(iψ + φ) sin 2ϑ(t). (111)
Eout is given by equation (100) with the substitution δ → δ − αEQ/2 [compare with equa-
tion (99)]. The behaviour of the transmitted power I‖ and of the total ellipticity and rotation
Ψ and Φ can be studied by changing δ, which experimentally can be done with the feedback
circuit by changing the error reference voltage. In the following this will be referred to
as an ‘offset’. A calculated example of these three curves is shown in Figure 7 for a pure
birefringence, N = 4 × 105 and αEQ = 10−5 rad. In Section 6.1.1 we will present some
measurements.
From equation (83) the power at the detector for small αEQ’s, and R ≈ 1, and with the
laser locked to the top of the resonance for a polarisation along the ‖ direction (δ = −αEQ/2)
one finds
I
(ell)
⊥ (t) = I‖
{
σ2 + η(t)2 + 2η(t)k(αEQ)
[
ΨTotϑ (t) + Φ
Tot
ϑ (t)N
αEQ
2
]}
, (112)
for the measurements of ellipticity, and
I
(rot)
⊥ (t) = I‖
{
σ2 + η(t)2 + 2η(t)k(αEQ)
[
−ΦTotϑ (t) + ΨTotϑ (t)N
αEQ
2
]}
, (113)
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Figure 7: Example of the transmitted power Iout, and of the amplitudes of the ellipticity and of the rotation in
the case of a pure birefringence, as functions of the Fabry-Perot cavity round-trip phase δ, for αEQ = 10
−5 rad
and N = 4 × 105. The Airy curves are normalised to unity and the rotation bears the same normalisation
coefficient as the ellipticity. The transmitted power is centred at δ = −αEQ/2 whereas the other two curves
at δ = αEQ/2. The value of the ellipticity at δ = −αEQ/2 is a factor k(αEQ) = 0.2 smaller than the
maximum [see equation (109)].
for rotation measurements. In the equations, σ2 is the extinction ratio of the polarisers. To
simplify the expressions we have included the spurious ellipticity and rotation noises γ(t)
and Γ(t), respectively, generated in the polarimeter, in the quantities
ΨTotϑ (t) = Nψ sin 2ϑ(t) + γ(t) = Ψ sin 2ϑ(t) + γ(t) (114)
and
ΦTotϑ (t) = Nφ sin 2ϑ(t) + Γ(t) = Φ sin 2ϑ(t) + Γ(t), (115)
and as usual
I‖ = Iin
(
T
T + P
)2
k(αEQ). (116)
Both γ(t) and Γ(t) may have contributions from inside or outside of the cavity: γ(t) =
γcavity(t)+ γother(t) and Γ(t) = Γcavity(t)+ Γother(t). Note that the terms generated inside
the cavity include the factor N just like a birefringence signal. Since the cavity mirrors
are birefringent with NαEQ/2 . 1, the total spurious DC ellipticity can be zeroed just by
carefully orienting the input polariser so as to compensate γ(DC) (or Γ(DC)) with the cavity.
This will be further discussed in Section 6.3 regarding noise issues.
From equations (112) and (113) it is apparent that in the case φ = 0, the ratio of the
‘spurious’ rotation Φ(spurious) = ΨN
αEQ
2
to the ‘true’ ellipticity Ψ is
RΦ′,Ψ =
Φ(spurious)
Ψ
= N
αEQ
2
, (117)
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hence allowing a direct determination of αEQ. With the PVLAS apparatus this is done by
taking measurements with and without the quarter-wave plate inserted. In the same way
one can define the ‘spurious’ ellipticity to ‘true’ rotation ratio in the case ψ = 0 and φ 6= 0:
RΨ′,Φ =
Ψ(spurious)
Φ
= −NαEQ
2
. (118)
3.3.2. Frequency response
When doing sensitive polarimetry with a modulated signal and a FabryPerot cavity,
since the mirrors in practice always feature some birefringence, one has to pay attention to
the different frequency dependences of the two terms between square parentheses appearing
in each of the two equations (112) and (113) [111]. Let us first discuss the case of a pure
birefringence and let us neglect the noises γ(t) and Γ(t). The rotating transverse magnetic
field can be schematised as a rotating birefringent medium of length LB. In this case
the result of a polarimetric measurement will give both a ‘true’ ellipticity and a ‘spurious’
rotation:
Ψϑ(t)
(true) = Nψ sin 2ϑ(t) (119)
Φϑ(t)
(spurious) = N2ψ
αEQ
2
sin 2ϑ(t) (120)
In the absence of a cavity birefringence, αEQ = 0, the time dependent signal given by
equation (119) is filtered as a first-order filter [112] and the ‘spurious’ rotation is zero. With
a non-zero value of αEQ and considering low rotation frequencies with respect to the cavity
line width ∆νc the ‘true’ ellipticity still behaves as a first order filter whereas the now present
‘spurious’ rotation behaves as a second order filter. This can be understood in the following
way [111]: the ‘true’ ellipticity is accumulated during the multiple reflections in the cavity of
the ⊥ polarisation. It will therefore have the same frequency dependence as the Fabry-Perot
cavity itself. Differently, the ‘spurious’ rotation is generated only by the presence of a ⊥
radiation inside the cavity due to the birefringence which already behaves as a first order
filter. Hence the ‘spurious’ rotation will behave as a second order filter.
For rotation frequencies comparable or greater than ∆νc, a detailed analysis shows that
these signals deviate from the pure first and second order filters [111]. The resulting expres-
sions for the electric field at the output of the Fabry-Perot cavity are
Eout,‖ = Ein (121)
Eout,⊥ = Ein
ψT
1−R
[
e2iϑ(t)
1−Rei(αEQ−2ωBτ) +
e−2iϑ(t)
1−Rei(αEQ+2ωBτ)
]
(122)
where τ = N d
2c
is the lifetime of the cavity.
We treat now separately the cases of the ellipticity and rotation measurements (in the
case of a pure birefringence).
Ellipticity measurements
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The orthogonal electric field after the analyser A is:
E
(ell)
⊥ =
(
A ·MOD · ~Eout
)
⊥
= iηEout,‖ + Eout,⊥ (123)
The power I
(ell)
⊥ associated to E
(ell)
⊥ is demodulated at the frequency of the ellipticity mod-
ulator νm. We consider only the term linear in the product η0ψ. Skipping cumbersome
calculations, which can be found in Reference [111], the phase of the ellipticity is
ϕ(ell)(ν) = tan−1
[ −R [(1 +R2) cosαEQ − 2R cos δν ] sin δν
1 +R2 (1 + cos 2αEQ + cos 2δν)−R (R2 + 3) cosαEQ cos δν
]
(124)
where δν = 2piντ with ν the signal frequency. The amplitude of the ellipticity is:
|Ψ(true)(ν)| =
√
2ψ2 [2− 4R cosαEQ cos δν +R2(1 + cos 2α)]
[1 +R2 − 2R cos(αEQ − δν)] [1 +R2 − 2R cos(αEQ + δν)] (125)
As can be easily verified, for ν  ∆νc and αEQ = 0, one finds
|Ψ(true)(ν)| → Nψ√
1 +N2 sin2 δν/2
(126)
ϕ(ell)(ν)→ −N
2
sin δν . (127)
which are the amplitude and phase of a first order filter as expected.
Rotation measurements
To detect rotations, the quarter-wave plate is inserted before the ellipticity modulator, thus
transforming rotations into ellipticities. The orthogonal electric field after the analyser is:
E
(rot)
⊥ =
(
A ·MOD ·Q · ~Eout
)
⊥
=
1 + i√
2
ηEout,‖ +
1− i√
2
Eout,⊥. (128)
Here the phase of the spurious rotation is
ϕ(rot)(ν) = − tan−1
[
(1−R2) sin δν
(1 +R2) cos δν − 2R cosαEQ
]
(129)
and its amplitude is:
|Φ(spurious)(ν)| =
√
4ψ2R2 sin2 αEQ
[1 +R2 − 2R cos(αEQ − δν)] [1 +R2 − 2R cos(αEQ + δν)] (130)
In this case the rotation amplitude disappears for αEQ = 0 (no ‘spurious’ rotation is
generated in a non birefringent cavity). Nevertheless, in the limit N
αEQ
2
 1 the phase of
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Figure 8: Left: Calculated frequency response of the ‘true’ ellipticity amplitude (continuous curves) using
equation (125) and of the ‘spurious’ rotation (dashed curves) using equation (130) generated by magnetic
birefringence in gas for F = 662×103. The frequency scale is expressed in units of the cavity line-width ∆νc;
the vertical scale is normalised to the low-frequency ‘true’ ellipticity amplitude given by in equation (126)
(with αEQ = 0). The ellipticity curves are drawn for the values of the low-frequency ratio RΦ′,Ψ = 0 (black),
0.5 (blue), 1.0 (brown) and 1.5 (red); the ‘spurious’ rotation curves have RΦ′,Ψ = 0.5, 1.0 and 1.5. Right:
Calculated frequency response of the phase of the ‘true’ ellipticity (continuous curves) and of the ‘spurious’
rotation (dashed curves) considering the same values of RΦ′,Ψ as for the left panel. These curves have been
arbitrarily chosen to start at zero phase and have negative slope. From reference [111], Figure 3.
the rotation ϕ(spurious)(ν) and the amplitude of the rotation Φ(spurious)(ν) reduce this time to
the phase and amplitude of a second order filter:
|Φ(spurious)(ν)| → NαEQ
2
Nψ
1 +N2 sin2 δν/2
(131)
ϕ(spurious)(ν)→ −N sin δν . (132)
In Figure 8 the amplitude and phase given by the equations (124), (125), (129) and (130)
for a few values of the parameter RΦ′,Ψ of equation (117) are shown.
The ratio RΦ′,Ψ of the ‘spurious’ rotation to the ‘true’ ellipticity [see equation (117)] is
now a function of frequency:
|Φ(spurious)|
|Ψ(true)| =
√
2R2 sin2 αEQ
2 +R2 cos 2αEQ +R2 − 4R cosαEQ cos δν (133)
A plot of the frequency dependence of RΦ′,Ψ is shown in Figure 9 for F = 660 00 and
αEQ = 2 µrad. The static approximation holds up to ∼ 5 Hz (νB ≈ 2.5 Hz). At higher
frequencies the ratio is filtered as a first order filter.
This mathematics was developed for the case of a pure birefringence, but equally well
applies to the case of a pure dichroism. The formulas are easily obtained from the ones
already shown with the substitution of ψ with φ and of Ψ(true) with Φ(true) and of Φ(spurious)
with Ψ(spurious).
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Figure 9: Left: ratio of rotation and ellipticity in a dynamic FP cavity with birefringent mirrors in the
presence of a pure birefringence. The frequency is expressed in units of the cavity line-width νc = νfsr/F
for F = 660× 103 and a value of αEQ = 2 µrad. Right: phase difference between rotation and ellipticity.
3.4. Calibration
With all of the above attentions, the response of the apparatus can now be properly
calibrated at the working frequency. Two quantities need to be extracted during calibra-
tion measurements: the correction factor k(αEQ) and the absolute amplitude and phase
calibration. The Cotton-Mouton effect [113], namely the magnetic birefringence of gases,
can provide this information: the ratio of the values of the rotation to ellipticity of equa-
tion (117) gives αEQ; the observed ellipticity, corrected for k(αEQ), define an absolute scale
for the magneto-optical effects. To continuously monitor the mirror birefringence during
the vacuum measurements, however, one can extract a value of αEQ by inducing a Faraday
effect on the mirror and comparing the ’spurious’ ellipticity to the ’true’ rotation with the
reciprocal equation (118).
The Cotton-Mouton – or Voigt – effect is perfectly analogous to the vacuum magnetic
birefringence described by equation (37), but is far more intense already at low gas pressures.
The birefringence generated in a gas at pressure P by a magnetic field Bext is given by the
expression
∆n = n‖ − n⊥ = ∆nuB2extP (134)
where ∆nu is the unit birefringence generated by P = 1 atm and Bext = 1 T and hence the
pressure is expressed in atmospheres and the magnetic field in tesla. Typical values of ∆nu
range from about 2.2× 10−16 T−2atm−1 for He to about −2.3× 10−12 T−2atm−1 for O2 and
to ≈ 10−11 T−2atm−1 for a few other simple molecules. In Table 1 we report some values
of ∆nu including the equivalent partial pressure PEQ which would induce a birefringence
equal to VMB. Other molecules and older values for the species listed here can be found in
Reference [113].
The verification of the correct functioning of the apparatus is done as follows:
1. the vacuum system is filled with a pressure P of a pure gas;
2. the finesse of the cavity is measured;
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Species ∆nu (T
−2atm−1) λ (nm) PEQ (mbar) Ref.
H2 (8.28± 0.57)×10−15 514 4.8× 10−7 [113]
He (2.08± 0.14)×10−16 1064 1.9× 10−5 [114]
(2.22± 0.16)×10−16 1064 1.8× 10−5 [115]
(2.7± 0.3)×10−16 1064 1.5× 10−5 [116]
H2O (6.67± 0.21)×10−15 1064 6.0× 10−7 [117]
Ne (6.9± 0.2)×10−16 1064 5.8× 10−6 [118, 119]
CO (−1.80± 0.06)×10−13 546 2.2× 10−8 [113]
N2 −(2.66± 0.42)×10−13 1064 1.5× 10−8 [18, 120]
O2 (−2.29± 0.08)×10−12 1064 1.8× 10−9 [121]
Ar (7.5± 0.5)×10−15 1064 5.3× 10−7 [104]
(4.31± 0.38)×10−15 1064 9.3× 10−7 [120]
CO2 (−4.22± 0.31)×10−13 1064 9.5× 10−9 [120]
Kr (9.98± 0.40)×10−15 1064 4.0× 10−7 [122, 119]
Xe (2.85± 0.25)×10−14 1064 1.4× 10−7 [122, 119]
(2.59± 0.40)×10−14 1064 1.5× 10−7 [123]
Table 1: Unitary magnetic birefringence of common inorganic gaseous species. The equivalent partial
pressure which would mimic a VMB signal are also reported.
3. using a low rotation frequency of the magnets, to avoid frequency response effects,
both the ellipticity (QWP extracted) and the rotation (QWP inserted) are measured
and the ratio RΦ′,Ψ is calculated. Using equation (117) and the value of the finesse the
value of αEQ is determined;
4. the phase of the ellipticity is determined;
5. the amplitude correction factor k(αEQ) using both the finesse value and αEQ is deter-
mined;
6. the frequency response correction in amplitude is determined using equation (130);
7. the Cotton-Mouton constant is extracted and compared to values found in literature.
These measurements therefore give two calibration parameters: the amplitude and the
phase of the ellipticity. The amplitude can be compared to theoretical calculations as well
as to other experimental results, and calibrates the linear response of the polarimeter; the
phase of the ellipticity is determined by the geometry and the electronic response of the
apparatus. The phase of the ellipticity is directly related to the condition in which the
polarisation of the light forms an angle ϑ = pi/4 with the magnetic field direction. It also
depends on the settings of the lock-in filters and the frequency of the signal. Due to very
slow drifts in the equivalent wave plate angle φEQ this phase may change during a day of
measurements (see Section 6.1).
The phase of the Cotton-Mouton effect (including its sign) defines what we call the
physical phase for a field induced ellipticity: the vacuum magnetic birefringence must come
with the same phase as the Cotton-Mouton measurement of a noble gas with ∆nu > 0.
In general, all the measured signals are projected onto both the physical and the non-
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physical axes. We explicitly note that the gas measurements are interpreted in terms of
a pure birefringence. In fact, for gases, no linear dichroism is associated to a transverse
magnetic field. A Faraday rotation which could result from a time variation of an eventual
small longitudinal component of the magnetic field along the light path would appear at the
frequency νB and not at 2νB.
3.5. Noise budget
Let us determine the limiting sensitivity of such a polarimeter. Starting from equa-
tion (84), if the rms intensity noise SI− at the frequency νm−2νB is uncorrelated to the rms
intensity noise SI+ at νm + 2νB and SI+ = SI− ≡ SI± , the demodulated rms intensity noise
will be SI2νB =
√
S2I+ + S
2
I− =
√
2SI± due to the folding of the spectrum around νm. Using
equation (84) the expected peak ellipticity sensitivity SΨ2νB of the polarimeter is
SΨ2νB =
SI2νB
I‖η0
. (135)
Several intrinsic effects contribute to SI2νB , all of which can be expressed as a noise in the
light power I⊥. First consider the intrinsic rms shot noise spectral density due to the direct
current idc in the detector
i(shot) =
√
2e iDC (136)
measured in ampere/
√
hertz. Note that i(shot) is independent on frequency.
According to equations (97) or (98), the direct current inside the photodiode is iDC =
qI‖η20/2, where q is the efficiency of the detector PDE in units ampere/watt. Taking also
into account the extinction ratio of the polarisers, which can be as low as σ2 . 10−7, this
effect introduces an additional term in the detected DC power which is written as I‖σ2. This
leads to an expression for the shot-noise spectral densities in the light power I(shot) and in
the ellipticity S
(shot)
Ψ
I(shot) =
i(shot)
q
=
√
2e I‖
q
(
σ2 +
η20
2
)
and S
(shot)
Ψ =
√
2e
qI‖
(
σ2 + η20/2
η20
)
. (137)
Other effects contributing to the power and ellipticity noise spectral densities are the Johnson
noise of the transimpedance G of the photodiode
I(J) =
√
4kBT
q2G
, giving S
(J)
Ψ =
√
4kBT
G
1
qI‖η0
, (138)
the photodiode dark current
I(dark) =
idark
q
, with S
(dark)
Ψ =
idark
qI‖η0
, (139)
34
and the frequency dependent relative intensity noise N
(RIN)
ν of the light emerging from the
cavity
I(RIN)ν = I‖N
(RIN)
ν , (140)
giving
S
(RIN)
Ψ2νB
= N (RIN)νm
√
(σ2 + η20/2)
2 + (η20/2)
2
η0
. (141)
In the last equation we consider that the contribution of IDC and I2νB in the Fourier spectrum
add incoherently to the intensity noise at νm ± 2νB with νB  νm.
10
-12
10
-11
10
-10
10
-9
10
-8
10
-7
10
-6
10
-5
10
-4
E
l
l
i
p
t
i
c
i
t
y
 
s
e
n
s
i
t
i
v
i
t
y
 
[
1
/
Ã
H
z
]
10
-5
10
-4
10
-3
10
-2
10
-1
Modulation amplitude h
0
PLVAS-FE
sensitivity @ 16 Hz
and finesse = 7e5
 Total noise
 Shot
 Johnson
 RIN
 Diode
 Measured sensitivity
σ
2
 = 2·10-7
RIN = 3·10-7 1/√Hz
Iout = 8.0 mW
G = 0.7·106 V/W
Figure 10: Intrinsic peak noise components of the polarimeter as a function of the ellipticity modulation
amplitude η0. Superimposed is the PVLAS-FE peak ellipticity sensitivity at 16 Hz.
Figure 10 shows all the intrinsic contributions as functions of η0 in typical PVLAS-
FE operating conditions, with q = 0.7 A/W, I‖ = 8 mW, σ2 = 2 × 10−7, G = 106 Ω,
idark = 25 fArms/
√
Hz, and N
(RIN)
νm ≈ 3 × 10−7/
√
Hz @ 50 kHz (resonance frequency of the
PEM). The figure shows that the expected total ellipticity noise
S
(tot)
Ψ =
√
S
(shot)
Ψ
2
+ S
(J)
Ψ
2
+ S
(dark)
Ψ
2
+ S
(RIN)
Ψ
2
(142)
has a minimum for a modulation amplitude η0 ≈ 10−2 close to shot-noise.
In general a generic measured ellipticity noise SΨ corresponds to a noise in optical path
difference S∆D accumulated between the two polarisers. The relation between ellipticity
sensitivity SΨ and optical path difference sensitivity S∆D is
S∆D =
λ
Npi
SΨ. (143)
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Considering the minimum estimated ellipticity noise budget S
(tot)
Ψ ≈ 8 × 10−9/
√
Hz in
Figure 10 this leads to S∆D ≈ 6 × 10−21 m/
√
Hz having set λ = 1064 nm and N ≈ 450000
(PVLAS-FE characteristics, see Section 4).
The above noise considerations are also valid in the case of rotation measurements. One
can therefore deduce S∆A from a generic rotation noise SΦ using the same equation as for
S∆D:
S∆A =
λ
Npi
SΦ. (144)
In principle, if the noise sources are those shown in Figure 10, the ellipticity and rotation
sensitivities SΨ and SΦ should be equal. We note that the cross talk of ellipticity and rotation
described by equations (117) and (118) pertains also to noises: in the absence of a signal,
an upper limit (namely an integrated noise floor) on one of the two quantities, translates
into an upper limit also on the other one.
It is important to note here that the noises S∆D and S∆A in equations (143) and (144) will
improve increasing N only if SΨ and SΦ do not depend on the equivalent number of passes
N of the cavity. The three noise sources presented above, namely shot-noise, Johnson noise
and dark current noise, satisfy this condition depending in no way on the presence of the
cavity. If, however, an ellipticity noise such as γcavity(t) [see equation (114) and nearby text]
originating from inside the cavity is present and if piNγcavity(t)/λ > S
(tot)
Ψ , no improvement
in the sensitivity in ∆D due to an increase in N would be verified: both the magnetically
induced signal and the noise would increase proportionally to N . The same argument is true
in the presence of a rotation noise Γcavity(t) [see equation (115)]. Furthermore, considering
the case in which SΨ = piNγcavity(t)/λ dominates and considering αEQ 6= 0, the sensitivity
SΨ will also be affected by k(αEQ). The integration time T to reach a given noise floor in
ellipticity will be proportional to 1/k2(αEQ).
Finally, the presence of a DC component of γ(t) in equation (114), indicated as γ(DC),
may also contribute to an ellipticity noise SΨ at the signal frequency 2νB in the presence of
a relative intensity noise N
(RIN)
ν of I‖ at 2νB. From equation (112) the condition for which
this effect will not deteriorate SΨ is that the product N
(RIN)
ν γ(DC) satisfies
N (RIN)ν γ(DC) SΨ. (145)
In PVLAS-FE the relative intensity noise of I‖ in the frequency range 10 ÷ 20 Hz is
N
(RIN)
ν = SI‖/I‖ ≈ 10−4/
√
Hz. By keeping γ(DC) . 10−4 the contribution to SΨ will
be N
(RIN)
ν γ(DC) . 10−8. This was done with a very low-frequency feedback on the ellip-
ticity at the output of the lock-in amplifier demodulating at νm, by acting on the input
polariser as discussed in more detail in Section 6.1.1.
In principle with the magnetic field parameter of the PVLAS-FE apparatus, B2extLB ≈
10 T2m, the induced QED optical path difference to be measured is ∆D(QED) = 4×10−23 m,
a quantity measurable in T = (S∆D/∆D(QED))2 ≈ 6 hours with a SNR = 1. Unfortunately
shot-noise limited measurements with such high finesse values reaching such sensitivities in
S∆D have never been obtained due to the presence of γcavity(t) originating from the cavity
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mirrors. Indeed in the absence of the Fabry-Perot, shot-noise is achieved at output powers
I‖ ≈ 10 mW. This subject will be treated in Section 6.3.
3.6. Gravitational antennae
The polarimetric scheme presented above is a differential measurement of the speed of
light between two perpendicular polarisations. The measured sensitivity in optical path
difference for a configuration with a very high finesse cavity obtained by several different
experiments can be very approximately described by S∆D ∼ 3.5 × 10−18ν−0.78 m/
√
Hz for
frequencies 10−3 Hz ≤ ν ≤ 103 Hz as will be discussed in Section 6.3.7 on page 91. A more
detailed study of S∆D for PVLAS-FE will be given in Section 6.3.8 on page 94. There we
will show that this noise originates from the Fabry-Perot mirrors.
In the last few years impressive results have been obtained with Michelson-Morley type
interferometers which measure the optical path difference between two spatially separated
perpendicular beams. Indeed both LIGO detectors (Hanford, WA and Linvingston, LA) and
the VIRGO detector (Cascina, PI, Italy) have detected gravitational waves and the Japanese
interferometer KAGRA is on its way [124]. It is interesting to compare the sensitivity in
optical path length variation of the polarimetric technique and with the Michelson-Morley
schemes. At present the LIGO detectors have the better sensitivity in the strain h of a
gravitational wave shown in Figure 11 [125] . The strain of a gravitational wave is defined
as h = 2∆L/L where ∆L is the optical path amplitude oscillation of each of the two arms.
Given a sinusoidal strain h(t), the two arm lengths will change as ∆L‖ = ∆L cosωt whereas
∆L⊥ = −∆L cosωt. The interferometer measures the difference in optical path between the
two arms: ∆L‖ −∆L⊥ = 2∆L = Lh.
If the length of the two arms fluctuate with a peak spectral density S∆L‖,⊥ = S∆L the
Figure 11: Strain rms sensitivity curves of the GEO600, VIRGO, and LIGO gravitational antennae on Feb.
26, 2020 [126]
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detected arm difference noise will be
√
S2∆L‖ + S
2
∆L⊥ =
√
2S∆L and the rms sensitivity in
h will be S
(rms)
h = S∆L/L. In Figure 11 are reported the rms measured sensitivities of the
two Advanced LIGO detectors, the Advanced VIRGO detector and the GEO600 detector
[126]. The best rms sensitivity in strain h measured by both the Advanced LIGO detectors
is S
(LIGO)
h ≈ 4 × 10−24/
√
Hz at a frequency of about 200 Hz. The arm lengths of these
detectors is LLIGO = 4 km and the rms sensitivity in differential optical path between the
two arms is therefore S
(LIGO)
∆D ≈ S(rms)∆L = 1.6× 10−20 m/
√
Hz.
Some thought has been put into the idea of using a gravitational wave interferometer to
measure VMB [127, 128, 129]. It is interesting to compare the capability in detecting VMB
using polarimetry with respect to a gravitational wave interferometer.
Assume one arm of one of the LIGO detectors to be equipped with a magnet characterised
by a B2LB generating a VMB signal at 20 Hz. This can be done either by modulating the
current in a magnet or by rotating a fixed field magnet. At this frequency the rms sensitivity
is S
(rms)
h (20 Hz) ≈ 10−22/
√
Hz. The deviation from unity of the index of refraction inside a
magnetic field with a fixed direction will be 7AeB
2
ext or 4AeB
2
ext depending on the polarisation
direction of the propagating light or will vary by 3AeB
2
ext in the case of a rotating fixed field
magnet. The modulated current fixed direction configuration could allow the independent
measurement of n‖ and n⊥ thereby determining independently the parameters η1 and η2 in
the Lagrangian (44). This would be of particular interest in the light of the Born-Infeld
theory and in the separation of hypothetical axion signals from non linear electrodynamic
effects in vacuum [128].
The difference in optical path between the two arms in the three cases will lead to an
equivalent strain signal
hequiv =
xAeB
2LB
2LLIGO
(146)
where x = {7, 4, 3}. Considering the peak sensitivity at 20 Hz, Sh =
√
2S
(rms)
h , and assuming
an integration time of T = 106 s, the characteristics of the magnet to reach SNR = 1 would
need to be
B2LB ≥ 2S(20 Hz)h
LLIGO
xAe
√T = {121, 212, 283} T
2m, (147)
an extremely difficult configuration to construct also considering the diameter of the bore
which would need to be used to avoid sensitivity issues.
It is also interesting to compare the peak sensitivities S∆D, at 20 Hz, of PVLAS-FE and
LIGO:
S
(PVLAS)
∆D ≈ 3.5× 10−19
m√
Hz
@ 20 Hz (148)
S
(LIGO)
∆D = LLIGOSh ≈ 5.6× 10−19
m√
Hz
@ 20 Hz. (149)
The PVLAS-FE peak sensitivity curve for S∆D can be found in Figure 58 on page 93.
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4. PVLAS forerunners
After the original paper by E. Iacopini and E. Zavattini (1979) [16] proposing an optical
polarimetric method to measure vacuum magnetic birefringence, several attempts have been
performed by several groups world wide to observe this minute effect [130, 72, 131, 132,
133, 134, 135, 136, 20]. Here we will trace the attempts and difficulties encountered which
have led to the final PVLAS-FE setup and hence to the results presented in detail in this
paper on this intriguing quantum mechanical effect which still needs a direct laboratory
confirmation. The CERN setup (1980 - 1983) [130, 137, 138] was a precursor attempt in
understanding the method and where the principle difficulties could be. It was followed by
the BFRT (Brookhaven, Fermilab, Rochester, Trieste) collaboration (1985 - 1993) [72, 83],
experiment run at the Brookhaven National Laboratories (BNL), and had the principle
goal of putting limits on axion coupling to two photons through the Primakoff effect. As
discussed in Section 2.3, axions coupling to two photons also generate a birefringence but,
contrarily to QED, also a dichroism. The detection of VMB due to QED was out of reach
but the experiment was the first complete attempt on putting limits on magnetically induced
vacuum magnetic birefringence and dichroism. The modulation of the effect was obtained
by ramping the current of two superconducting magnets available at the time at BNL. In
both these precursor attempts a non resonant multipass cavity was used to increase the
effective optical path length within the magnetic field.
Following these two precursor setups which indicated the difficulties to be overcome, the
PVLAS (Polarizzazione del Vuoto con Laser) collaboration formed, financed by the Istituto
Nazionale di Fisica Nucleare (INFN), Italy, with the ambitious goal of measuring VMB
[132, 139]. The real novelties in the PVLAS-LNL setup were two: the use of a rotating
superconducting magnet in persistent mode [73] to increase by an order of magnitude the
frequency modulation of the effect and the use of a resonant Fabry-Perot cavity [132, 140,
141] to increase the number of equivalent passes through the magnetic field. A lack of
detailed debugging of the experiment, limited mainly by the liquid helium availability to
run the superconducting magnet, limited the final result of this attempt.
This led the PVLAS collaboration to move towards rotating permanent magnets [142,
143, 144, 145]: the PVLAS-FE setup. Another factor 10 in modulation frequency was
gained thanks to the higher rotation frequency of the magnets and very detailed debugging
of systematics was performed leading to the present best limit on VMB, less than a factor
ten from its first detection.
In the following sections we will describe the different experimental setups which led
to PVLAS-FE indicating their differences and limits. The PVLAS-FE setup will then be
described in particular detail in Section 5; systematics-hunting and wide-band noise issues
will be presented in Section 6.
4.1. CERN proposal: 1980-1983
The first proposal to measure VMB was presented at CERN in 1980 with the title “Exper-
imental Determination of Vacuum Polarization Effects on a Laser Light-beam Propagating
in a Strong Magnetic Field” [130, 137]. The original optical scheme of the polarimeter has
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Figure 12: Figure of the original polarimetric scheme taken from Reference [137], Figure 1. A laser beam
linearly polarised by P passes through a rotation modulator (Faraday modulator) FC and a quarter-wave
plate QW transforming rotations into ellipticities. M1 and M2 compose a multi-pass cavity where the
magnetic field should be present. A small mirror M extracts the beam from the cavity sending it to the
analyser A.
remained substantially unchanged since. The scheme of the 1980-1983 setup is shown in Fig-
ure 12 and was used to measure the Cotton-Mouton effect of nitrogen and oxygen [146, 147].
In these first measurements the field intensity was varied in time. In the proposal the idea of
wobbling the magnetic field direction by ±25◦ is also mentioned. A laser beam linearly po-
larised passes through a rotation modulator (Faraday modulator) and a quarter-wave plate.
When correctly aligned the quarter-wave plate transforms rotations into ellipticities. Two
mirrors compose a multi-pass cavity where the magnetic field was to be present. The beam
was sent into the cavity through a hole in the front mirror, generating with its reflections
a Lissajous pattern over the mirror surfaces. Each reflection was spatially separated from
the previous one in such a way that the beam could be extracted by a small mirror sending
it to the analyser. Both the extinguished and transmitted powers were then recorded. The
induced ellipticity was extracted using the heterodyne detection discussed in Section 3.1.
During the first Cotton-Mouton measurements, without a cavity, an ellipticity sensitivity
Sψ = 1.5×10−7/
√
Hz was obtained at the signal frequency νB = 0.397 Hz while the expected
noise should have been Sψ = 1.6× 10−8/
√
Hz.
After the first tests, in 1983 an Addendum to the proposal was presented with some
improvements [138]. The main differences between the original CERN scheme presented in
the Proposal D2 and its Addendum can be summarised as follows:
40
Figure 13: Left: Scheme of the multi-pass cavity. Right: Lissajous pattern on the surface of one of the
multi-pass mirrors. Photograph courtesy of E. Iacopini.
• As in the Proposal, the optical cavity was a non resonant multi-pass cavity. In the
Addendum the extraction of the beam changed: after a given number of reflections
the beam could exit the cavity through the entrance hole. A scheme of such a cavity
and a typical Lissajous pattern are shown in Figure 13. In the right panel the entrance
and exit hole can be seen near the center of the mirror. The number of reflections was
limited to a few hundreds and was determined substantially by the dimensions of the
mirrors.
• In Proposal D2 the modulator for heterodyne detection was placed before the multi-
pass cavity as is shown in Figure 12. It consisted of a Faraday cell powered by an
alternating current followed by a quarter-wave plate. The Faraday cell generated
a periodic rotation of the polarisation direction which was then transformed into a
modulated ellipticity by means of the quarter-wave plate whose axis was aligned to
the input polarisation.
During the second phase reported in the D2 Addendum the modulator was placed on
the output beam coming from the multi-pass cavity. In this way the polarisation of
the beam reflecting on the mirrors was fixed (to within the magnetically induced mod-
ulation). The quarter-wave plate was also substituted to render the ellipticity-rotation
transformation less dependent on the wavelength of the light: the output beam was
first reflected off of a gold mirror with an incident angle ≈ 73◦ such that an ellipticity
is completely transformed into a rotation and vice versa. The magnetically induced
ellipticity was therefore transformed into a rotation. The Faraday cell generating the
known rotation would then beat with the ‘transformed ellipticity’ signal generated by
the magnetic field.
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• In the D2 Addendum, four possible solutions were presented for the magnetic field
configuration including two different field intensity modulations at about 20 mHz,
rotating the magnet over a ±45◦ angle with the magnet in a vertical position and
finally four coils mounted in a dual dipole configuration such that powering the two
dipoles with a phase difference of 90◦ would generate a rotating constant intensity
field.
Successively to the Addendum, new Cotton-Mouton measurements were performed on
noble gases using a rotating 0.4 T normal conducting magnet [147].
From their experience the proposers estimated that the sensitivity in ellipticity SΨ (and
hence in optical path difference S∆D) which could be reached, considering a multi-pass cavity
with N = 600 and a wavelength λ = 488 nm, was
SΨ = 4× 10−9/
√
Hz ⇒ S∆D = λ
piN
SΨ = 10
−18 m/
√
Hz (150)
a factor about 4 above the shot-noise limit. The source of this noise according to the
proposers was due to beam stability issues. This sensitivity was never actually reached at
CERN.
The original project to measure VMB required two 6 m long, 8 T magnets which needed
to be designed. A first 1 m long prototype dipole magnet was built by Mario Morpurgo [148]
and tested reaching, at the time, a record 7.6 T field intensity. This small prototype magnet
was then used as the PVLAS-LNL rotating magnet as will be discussed in Section 4.3.2.
The CERN activity did not go farther.
4.2. BFRT: 1986 - 1993
At the beginning of the ’80s the existence of very light axions coupling to two photons
was suggested by M. Dine et al. [67] and A. R. Zhitnitsky [68]. As was discussed in Section
2.3 the existence of such an ‘invisible’ axion, as it was often referred to, was shown to
generate both a birefringence and a dichroism in the presence of an external magnetic field
[82, 85] and could therefore be searched for using polarimetric techniques just in the same
way as searches for VMB due to vacuum fluctuations. At the time the masses of such axions
were estimated to be in the range 10−6 eV < ma < 10−3 eV, an interesting window since
for a magnetic field length LB and optical photons such that ω  LBm2a/4 the induced
dichroism is independent of mass [compare equation (55)]. Other than searching for this
fundamental boson, this experiment was a perfect test-bench for understanding the limits
of the polarimetric scheme for future VMB measurements.
The BFRT collaboration attempted a search for axions in this mass range using the
same optical scheme presented a few years before at CERN [130, 138]. This experiment
was the first real attempt to study and determine the sensitivity of a polarimeter based
on a multi-pass cavity together with heterodyne detection. The experiment was performed
at the Brookhaven National Laboratories (BNL) where two superconducting magnets were
available. The fields were modulated from a central value of B0 = 3.25 T with an amplitude
of B∆ = 0.62 T at a frequency of 20 mHz. Each magnet was 4.4 m long for a total magnetic
field equivalent parameter of (B2extLB)equiv = 2× 2B0B∆LB = 35.5 T2m.
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Figure 14: Scheme of the BFRT experiment. Panel (a): scheme of the optics. Panel (b): general layout of
the experiment. Figure taken from Reference [83], Figure 4.
Several improvements were implemented among which a feedback loop on the steering
mirrors to compensate the movement of the beam due to the varying magnetic field. Indeed
the alignment of the mirrors of the cavity changed during the magnetic field cycles. In this
setup the whole polarimeter, shown as a dashed box in Figure 14(a) [83], was in an ultra-high
vacuum chamber. The Faraday cell was water cooled to limit the thermal stress induced
noise in the Faraday crystal and a QWP was used before the Faraday cell to transform
rotations into ellipticities.
In Table 2 are reported the ellipticity and rotation sensitivities of the BFRT polarimeter
for different values of N with the magnetic field ON [83]. It is interesting to note that
there is a contribution to the noise in ellipticity proportional to the number of passes in
the cavity (fourth column) whereas for the rotation noise this is not the case. This fact
indicates a dominant ellipticity γcavity(t) noise at ν ≈ 20 mHz due to the presence of the
cavity. During rotation measurements, therefore, an increase in N led to an improvement in
rotation sensitivity per pass whereas during ellipticity measurements this was not the case.
Furthermore the rotation sensitivity per pass was significantly better than during ellipticity
measurements. Finally, with a shunt mirror inserted, used to bypass the cavity, both ellip-
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number of passes N noise S
[
1√
Hz
]
normalised noise S ′/N
[
1√
Hz
]
578 1.5× 10−6 2.6× 10−9
ellipticity 34 7.9× 10−8 2.2× 10−9
shunt 2.4× 10−8
254 6.7× 10−8 2.4× 10−10
rotation 34 3.3× 10−8 6.3× 10−10
shunt 2.5× 10−8
Table 2: Ellipticity and rotation sensitivities of the BFRT experiment in various experimental conditions.
In the fourth column the noise with the shunt mirror has been subtracted in quadrature from the measured
noise with the cavity: S′ =
√
S2 − S2shunt. The rotation and ellipticity noises with the shunt mirror are
taken from tables IV and V of Reference [83], respectively; the other values from table II of the same paper.
ticity and rotation noises were the same (‘shunt’ lines in Table 2) but significantly above
shot-noise given the powers used I ∼ 0.1 ÷ 1 W. Given that all optical elements including
the mirrors have a small non uniform birefringence, the BFRT collaboration explained this
ellipticity noise as originating from the laser beam pointing instability on the cavity mirrors
and on the QWP.
Comparing the optical path difference sensitivities obtained from the ellipticity sensitiv-
ities, using equation (143) with N = 34 and N = 578, one finds (λ = 514.5 nm)
S
(34)
∆D = 3.8× 10−16
m√
Hz
and S
(578)
∆D = 4.3× 10−16
m√
Hz
. (151)
whereas during rotation measurements (N = 34 and N = 254)
S
(34)
∆A = 1.6× 10−16
m√
Hz
and S
(254)
∆A = 4.3× 10−17
m√
Hz
. (152)
Increasing the number of passes N did not improve S∆D but did improve S∆A (but not
proportionally to N).
During data taking with the ramping field, ellipticity signals were present with and
without the cavity. These signals though, were not interpreted as physical signals deriving
from magnetically induced birefringence in that the feedback signal compensating the mirror
movements also had a peak in the Fourier spectrum at the frequency of the modulated
magnetic field and were insensitive to the polarisation direction. Furthermore the amplitude
and phase of the ellipticity signals were not stable. Also during rotation measurements
systematic signals were reported during some of the runs.
Both the ellipticity and rotation data were finally interpreted as upper limits at 95% c.l.
∆n(BFRT) < 1.1× 10−18 with N = 34 (153)
∆κ(BFRT) < 4.4× 10−20 with N = 254. (154)
To determine limits on VMB and on the axion-photon coupling ga the two relevant pa-
rameters for the magnetic field are respectively (B2extLB)equiv = 35.5 T
2m and (BextLB)equiv =
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17.6 Tm and the wavelength of the light λ = 514.5 nm. The following limits on VMB, re-
ported as ∆n/B2, and on the axion-photon coupling ga were set by the BFRT collaboration:
∆n(BFRT)
(B2ext)equiv
< 2.75× 10−19 T−2 (155)
g(BFRT)a < 3.6× 10−7 GeV−1 for ma < 1 meV. (156)
It can be noted that contributions from systematics limited the integration time. Given
the sensitivity in ∆D the necessary integration time to reach QED vacuum magnetic bire-
fringence was unthinkable:
T =
(
S
(578)
D
3Ae(B2extLB)equiv
)2
= 1014 s. (157)
4.3. PVLAS-LNL: 1992 - 2007
Learning from the BFRT experience, two major changes were introduced in the PVLAS-
LNL (Polarizzazione del Vuoto con LASer, c/o INFN - Laboratori Nazionali di Legnaro,
Italy) experiment: the use of a vertically rotating superconducting magnet (in persistent
current mode) and of a Fabry-Perot resonant cavity. The cavity length was 6.4 m and the
rotating field allowed signal frequencies a factor 30 higher than those of the BFRT setup
with 2νB ≈ 0.6 Hz. Not having superfluid helium, the field was limited to 5.5 T. Runs with
various field intensities were used resulting in B2extLB = (5÷ 30) T2m.
4.3.1. Infrastructures
A drawing and a photograph of the setup are shown in Figure 15. The vertical construc-
tion of the setup, other than allowing the rotation of the magnet, was such that both the
top and bottom optical benches were subject to the same ground movement. Following this
idea, a dedicated infrastructure was designed and constructed in order to install the super-
conducting dipole magnet and its rotating cryostat. The experimental hall was equipped
with a square pit, 8× 8 m2, 3 m deep from the floor level of the main building. Precautions
were taken to avoid any mechanical vibrations coming from the rotating magnet to reach the
optical benches. For this purpose the lower optical bench, the 7 m high vertical structure
and the upper optical bench, all made of black granite, sat on a concrete ‘raft’, forming the
floor of the pit, supported by pillars embedded 14 m deep into sand. A reinforced concrete
beam supported a rotating table driven by a hydraulic motor on which the cryostat contain-
ing the magnet sat. In the photograph of Figure 15 the ladder leaning against the structure
is standing on the concrete beam supporting the rotating turntable. During the rotation
of the magnet no ellipticity or rotation signal was observed correlated with the uncharged
magnet rotation.
4.3.2. Superconducting magnet
The magnet was the original 1 m long superconducting dipole magnet developed by
Mario Morpurgo [148] as a prototype for the CERN D2 Proposal. It was manufactured at
CERN and commissioned on July 1982. Its main characteristics are listed in the Table 3.
45
Figure 15: Top: schematic drawing of the PVLAS-LNL setup. Bottom: a photograph of the apparatus
above the floor level. The lower optical bench is below the beam supporting the cryostat and sits about 3 m
below ground level on the concrete ‘raft’.
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Cold bore useful diameter 0.1 m
Magnetic field length 1 m
Overall magnet length 1.3 m
Current (corresponding to a central field of 8 T) 3810 A
Max field on the conductor 8.8 T
Field uniformity in the useful bore ± 2.5%
Average current density in the winding 105 A/mm2
Stored energy 1.5 MJ
Table 3: Main characteristics of the PVLAS-LNL magnet built at CERN by Mario Morpurgo as a prototype
for the original D2 CERN proposal.
The 2.3 ton dipole magnet was wound with a hollow Cu-Nb-Ti composite conductor.
The conductor had a square cross-section 5.5× 5.5 mm2 with a central bore approximately
2.5 mm diameter for cooling. The dipole was composed of two identical coils each with 12
pancakes of 22 turns each. The 12 pancakes were subdivided into three groups of four, and
each group was separately impregnated under vacuum with epoxy resin. The dipole yoke
was made out of soft iron. Aluminium alloy plates and bolts were used to clamp together
the various parts of the yoke. Since the aluminium thermal contraction is larger compared
to the other metals, the coils were strongly compressed when cooled.
4.3.3. Rotating cryostat
The design of the cryostat was realised at LNL in collaboration with CERN [149]. It was
characterised by a room temperature 30.5 mm central bore to let the light beam traverse
the magnet and by the possibility to rotate around its axis.
The scheme of the cryostat, shown in Figure 16, is of the Claudet type [150] with a fiber
glass epoxy ‘lambda’ plate to separate the superfluid helium at the bottom from the normal
helium above. The outer jacket was superinsulated with mattresses of superinsulation. At
the bottom of the cryostat and at its center, a few kilograms of activated charcoal were
placed, in order to lower the pressure in the superinsulation region, thus improving the
necessary insulation efficiency. Multi-layer superinsulation was also used for the central
bore. Inside the cryostat a stainless steel coil was wound around the magnet as a heat
exchanger for the pre-cooling with liquid nitrogen (LN2) using helium gas as an exchange
medium.
The vacuum pumps for the superfluid helium production, one roots pump and two me-
chanical pumps, were installed on platforms outside of the cryostat and rotated with it. The
pumps were never used during the measurements due to a limited availability of helium,
hence the field never reached its maximum. Sliding brush contacts transmitted the electric
power and the RS232 signals necessary for the instrumentation collecting data on board of
the rotating cryostat. The helium boil-off vapors were collected at room temperature, both
with the cryostat at rest and during the rotation, through a helium tight feedthrough and
sent to the recovery system.
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Figure 16: Scheme of the rotating cryostat of the PVLAS-LNL experiment designed to cool the dipole
magnet to superfluid helium. A 30.5 mm warm bore (not shown) vertically traversed the cryostat. From
reference [139], Figure 3.
In Figure 15 the solid copper bars connecting the magnet to the 10 V, 5000 A power
supply (blue cabinet on the left) can be seen. Inside the power supply a set of water cooled
diodes and resistors were installed to dump the electromagnetic energy stored during the
(fast) discharge. Once charged, the magnet was put in quasi persistent current mode through
a very low resistance (0.24 µΩ) silver-plated copper multi-blade socket [151] and the power
supply disconnected.
4.3.4. Fabry-Perot cavity
The use of a resonant Fabry-Perot cavity allowed an increase in the number of equivalent
passes, reaching N ≈ 45000 for λ = 1064 nm and N ≈ 23000 for λ = 532 nm. The light
source was a Nd:YAG frequency doubled frequency tuneable laser capable of emitting 1.8 W
at 1064 nm and 200 mW at 532 nm. The laser was frequency locked to the cavity via a modi-
fied Pound-Drever-Hall technique [140, 141, 152]. Although the ellipticity noise was far from
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Figure 17: Photograph of the cryostat of the PVLAS-LNL experiment. The cryostat is exhibited on the
INFN National Laboratories of Legnaro (LNL) site near Padua, Italy. In the cutaway the prototype CERN
magnet can be seen.
shot-noise at 2νB ∼ 0.6 Hz, an improvement of about a factor 40 was obtained in the optical
path difference sensitivity with respect to BFRT, reaching S
(PVLAS−LNL)
∆D ≈ 10−17 m/
√
Hz.
Given the increase in N , though, one would have expected a greater improvement in sensitiv-
ity. The independence of S∆D on N in the BFRT experiment and the limited improvement
in sensitivity of PVLAS-LNL with respect to BFRT was a hint of the presence of a limiting
noise originating from within the cavity also with the Fabry-Perot interferometer. It must
be noted here that the beam stability inside the Fabry-Perot is determined only by the sta-
bility of the cavity mirrors and not by the pointing stability of the input beam, indicating
that the origin of the noise of the Fabry-Perot was not due to input beam instabilities. The
PVLAS-LNL sensitivities S∆D and S∆A were both more than a factor 100 above shot-noise
at 2νB = 0.6 Hz and as was the case for the BFRT experiment the ellipticity sensitivity was
slightly worse than the rotation sensitivity.
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4.3.5. Results
By integrating in time, the ellipticity noise floor attainable is determined by Ψfloor =
SΨ/
√T . Assuming T = 106 s, in principle PVLAS-LNL could have reached a noise floor
of Ψfloor ≈ 10−9 corresponding to ∆D ≈ 10−20 m a factor ≈ 80 above the QED effect
considering a field intensity of Bext = 5.5 T. Unfortunately systematic signals appeared
within a few hours of integration in both the ellipticity and rotation configurations. Active
magnetic shielding of the mirrors, vibration correlation studies along with measurements at
different field intensities did not eliminate such systematics. Unfortunately a detailed study
of these signals was made impossible given the limited availability of liquid helium for the
magnet.
After several runs, the relatively stable phase and amplitude of the rotation and ellipticity
and the observation of a trend of the rotation as a function of a buffer gas, attributable to
an axion like particle [153, 154, 155, 156], led the PVLAS collaboration to publish in 2006 a
paper in which an unexplained polarisation rotation in the presence of the external magnetic
field was reported, indicating a dichroism [157]. A year later, the collaboration retreated
this observation after an upgrade of the apparatus [158, 159].
Only conjectures can be made today on the origin of the observed 2006 signal but, given
the experience with PVLAS-FE, a plausible cause could have been the coupling between
the diffused light inside the quartz tube and its movement induced by the rotating mag-
net (see Section 6.2.5 for details). Furthermore, given that for magnetic fields intensities
Bext & 2.3 T the iron yoke of the superconducting magnet saturated generating a stray field,
other upgrades were implemented after the publication of the rotation. These included the
complete recabling of the experiment and the elimination of iron support structures close to
the experiment.
Although the result in the 2006 paper [157] was incorrect, it contributed to a revived
interest in axion-like-particle searches by optical techniques.
Clearly a magnetic field source with unlimited time would have been necessary in any
future effort for debugging and for systematics hunting, allowing to take maximum advantage
of the apparatus. This led the PVLAS collaboration to end the PVLAS-LNL experiment
and to upgrade to a new version using permanent magnets. Although limited to a lower
field of Bext = 2.5 T they would allow extended debugging.
4.4. PVLAS-Test: 2009 - 2012
The experience from PVLAS-LNL led the collaboration to attempt a prototype bench-top
setup with two small 2.3 T 20 cm long permanent magnets with a total
∫
B2ext dL = 1.85 T
2m.
This setup was financed both by INFN and Italian Ministry of Research (MIUR). Other than
having a permanent field allowing detailed debugging, permanent magnets can be rotated at
still higher frequencies with respect to PVLAS-LNL. Furthermore, the advantage of using
two magnets was for systematic hunting with the field ON but no induced ellipticity. Indeed
with the two magnetic fields in a perpendicular configuration while rotating, the net effect
of a magnetic birefringence is zero.
The whole optical apparatus was placed on a single vibration isolated optical bench
whereas the magnets were sustained by a support sitting on the laboratory floor mechanically
50
Figure 18: Photograph of the PVLAS-Test apparatus in Ferrara. The laser, front left, sent a beam towards
the right where the steering mirrors were. The input vacuum chamber containing the polariser and input
mirror is on the right. A single 12 mm outer diameter glass tube traversed the two magnets connecting the
two vacuum chambers. The output chamber contained the output mirror, the PEM and the analyser. The
output detection bench can be seen on the far left.
disconnected as best we could from the optics. A photograph of the PVLAS-Test setup can
be seen in Figure 18. The distance between the two vacuum chambers was about 1.5 m.
Mirror performance also improved allowing an equivalent number of passes N = 280000.
The magnets were rotated at about 3 Hz generating a signal at 6 Hz.
In parallel to this compact setup the construction of a new larger setup, discussed in the
next section, was ongoing. The goal of this test setup was to validate the choices made for
the new apparatus.
Although this setup was a test apparatus, the capabilities of using permanent magnets
successfully was demonstrated by a factor 2 improvement in VMB limits in a factor 8
shorter integration time with respect to PVLAS-LNL. At times, though, spurious signals
were present indicating the presence of unidentified systematic sources. The sensitivity in
optical path difference at 6 Hz was S∆D = 6 × 10−19 m/
√
Hz more than a factor 10 better
than PVLAS-LNL. Again, as will be discussed in Section 6.3.7, the gain in sensitivity was
not due to the increase in finesse but to the higher signal frequency.
5. The PVLAS-FE experiment
5.1. Summary
The many years of experience led to the final PVLAS-FE setup in which all of the
previous experience was put together. Four general features were implemented:
1. the polarimeter was to be mounted on a single vibration isolated optical bench to
reduce seismic noise coming from the ground;
2. the rotation frequency of the magnets was to be as high as possible;
3. the finesse was to be as high as possible supposedly to increase the SNR;
4. all components of the polarimeter were to be non magnetic to avoid magnetic coupling
between the optics and the rotating stray magnetic field.
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Here each of the choices made for the setup will be discussed in detail and justified.
Magnet rotations up to about 10 Hz were imagined during the design phase allowing a
further reduction of the expected cavity noise contribution: at the time it was clear that
the higher the signal frequency, the lower was the noise. What was still not clear was the
proportionality of the ellipticity sensitivity SΨ with N , or in other words, the independence
of the optical path difference noise S∆D on N for large N . For this reason the highest
achievable finesse was still a goal. At the time the experiment was designed, fields up to
2.5 T were available with permanent magnets over a diameter of about 2 cm. Due to the
available space, a total magnetic field length longer than about 2 m was difficult. The two
magnet scheme was implemented to take advantage of the effective signal cancellation with
perpendicular fields tested in the PVLAS-Test setup. Each of the PVLAS-FE magnets had
a field length of LB = 0.82 m.
The final sensitivity in optical path difference ∆D of the PVLAS-FE apparatus was
S
(PVLAS)
∆D = 3.5 × 10−19 m/
√
Hz at 2νB = 16 Hz, a factor of about 10 worse than the
required one to reach VMB detection in T ≈ 106 s. Furthermore measurements showed the
independence on N , for large N , of the optical path difference noise S
(PVLAS)
∆D , meaning that
increasing the finesse would have been useless to gain in signal to noise ratio. An increase
in frequency to compensate this missing factor ≈ 10 was beyond our possibility.
The final sensitivity in absorption length S
(PVLAS)
∆A was about a factor 2 better than
S
(PVLAS)
∆D and was limited by the cross-talk from the ellipticity noise to rotation noise as
discussed in Section 3.3.1 and as determined from equation (117):
S
(PVLAS)
∆A = N
αEQ
2
S
(PVLAS)
∆D . (158)
An integrated noise floor in optical path difference ∆D = (1.0± 1.4)× 10−22 m, limited
by statistics and not by systematics, was our final value after a run time of about 5× 106 s.
Translated to vacuum magnetic birefringence this leads to
∆D
LB
= ∆n(PVLAS) = (12± 17)× 10−23 @ 2.5 T. (159)
where LB = 0.82 m. The 1 σ uncertainty is a factor of about 7 from the predicted value of
3AeB
2
ext = 2.5× 10−23 with Bext = 2.5 T. Similarly for the dichroism limit, the PVLAS-FE
final value was
∆κ(PVLAS) = (10± 28)× 10−23 @ 2.5 T. (160)
A detailed discussion of these results will be given in Section 7.
5.2. General description of the apparatus
In the following sections we will describe each of the choices made for the PVLAS-FE
apparatus. The experiment was located on the ground floor of an experimental hall at the
Department of Physics and Earth Sciences of the University of Ferrara, Ferrara, Italy, inside
a temperature controlled (23◦± 1◦) and relative humidity controlled (≈ 56%) clean room of
ISO-4 class.
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Figure 19: Schematic view and photograph of the optical bench layout of the PVLAS-FE apparatus.
HWP = Half-wave plate; P = Polariser; A = Analyser; QWP = quarter-wave plate; TR = transmission;
EXT = extinction.
A general scheme of the optical setup and a photograph of the apparatus are shown in
Figure 19. A Nd:YAG laser (Innolight Mephisto, 2 W power) emitted at λ = 1064 nm.
The beam first passed through a quarter-wave plate (QWP) reducing the initial ellipticity
of the laser beam. A first half-wave plate (HWP) placed before a two stage Faraday isolator
allowed the adjustment of the power being injected into the Fabry-Perot cavity. The beam
then passed through a lens to match the laser waist with the cavity waist for optimal mode
matching. Two steering mirrors followed by a second HWP brought the beam to the entrance
of the vacuum system with the desired alignment and polarisation direction. Between the
second steering mirror and this second HWP a glass window allowed the sampling of the
reflected power from the cavity for phase locking the laser to the cavity via the Pound-
Drever-Hall (PDH) technique. The same glass plate was also used to sample the beam
power at the Fabry-Perot input. The sidebands for the PDH locking circuit were generated
directly in the laser rather than with an external phase modulator [140, 141]. An automatic
locking servo-circuit allowed operation of the apparatus with an almost unitary duty-cycle.
The second HWP together with the rotatable polariser P allowed the alignment of the
light polarisation with one of the axes of the equivalent wave plate of the cavity. The light
path between the two mirrors passed through the bores of the two dipole magnets. At the
cavity output an extractable QWP was used to transform, when necessary, a polarisation
rotation into an ellipticity (and vice versa). The light then passed through the resonant
photo-elastic ellipticity modulator, PEM, (Hinds Instruments), and the analyser A, normally
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set to maximum extinction. The PEM was mounted on an axial rotation mount to set its
axis at 45◦ with respect to the polarisation direction, and on a translation stage to allow
its extraction from the beam. The modulation amplitude was typically η0 ≈ 3 × 10−3 ÷
10−2. Both the extraordinary and ordinary beams from the analyser A exited the vacuum
enclosure: the former measured the power I‖ ≈ Iout transmitted by the cavity, whereas the
extinguished beam power, I⊥, contained information on the ellipticity and rotation acquired
by the light polarisation. The extinction ratio was generally σ2 . 10−7. After a narrow-band
optical filter, the extinguished beam was collected on an InGaAs low noise photodiode with
gain G = 106 V/A and efficiency q = 0.7 A/W. The diode was placed about 2 m from the
analyser to reduce contamination from diffused light.
5.3. Optical bench and vibration isolation
Special care was taken to limit any magnetic forces acting on the mechanical parts
of the apparatus. Although the permanent magnets were designed following the Halbach
configuration [160], which in principle cancels stray fields, a small stray field of about 10 mT
was present near their surface, rapidly decaying with distance. The rotating magnets would
then generate eddy currents and thus magnetic forces on nearby components: for this reason
a granite optical bench was chosen as a support for the optics. The bench, manufactured
by Microplan, Quarona (VC), Italy, was 4.8 m long, 1.5 m wide and 0.5 m thick for a total
weight of 4 tons. A granite ‘honeycomb’ structure filled the inside of the bench to limit the
total weight. The surface of the bench was equipped with a 5 cm × 5 cm matrix of threaded
holes made of brass.
The BiAirr membrane air spring legs sustaining the optical bench had a six degrees
of freedom feedback system which maintained the position of the bench to within 10 µm.
This was a fundamental characteristic of the support system since the glass tube passing
through the magnets needed to be centred very carefully and in a repeatable way as will be
discussed below. From the specifications of the manufacturer (Bilz Vibration Technology
AG, Leonberg, DE) the filtering of the supporting system started at about 1 Hz.
5.4. Vacuum system
The whole polarimeter, from polariser to analyser, was kept in a high vacuum system built
employing ConFlatr seals. A scheme of the vacuum system is shown in Figure 20. Starting
from the left one first finds the input chamber CI, the chamber for the first cavity mirror
CM1, a vacuum tube passing through the bore of the first magnet, a central pumping station
CC, a second vacuum tube passing through the bore of the second magnet, the chamber
for the second cavity mirror CM2 and finally the output chamber CO. Short bellows where
employed to allow the alignment of the chambers with the light path. The mirror chambers
could be isolated by means of all-metal Viton-sealed manual gate valves: while adjusting in
air the rest of the system, the mirrors were kept in vacuum. The chambers were made of
304 stainless steel with the exception of the bases of the mirrors chambers which were of
solid titanium. All the equipment and fittings were in non magnetic materials. An all-metal
gas line and a leak valve on CO allowed to fill the chambers with sub-millibar pressures of
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Figure 20: Layout of the vacuum enclosures mounted on the optical bench: input vacuum chamber (CI)
containing the polariser, first mirror vacuum chamber (CM1), central vacuum chamber CC dedicated to
pumping, second mirror vacuum chamber (CM2), output vacuum chamber (CO) containing the QWP, PEM
and analyser. Mirror chambers are connected to the central chamber by diamagnetic tubes. Two residual
gas analysers (not shown) were mounted on the chambers CC and CO.
ultra-pure gases generating a Cotton-Mouton effect in the magnet bores. A top view of the
inside of all the chambers is shown in Figure 21.
Three issues needed to be addressed in the design of the pumping system. The first
was the use of dry pumps to prevent degradation of the reflecting surface of the mirrors
and hence of the finesse of the cavity. Secondly, avoid vibrations from the pumps. The
Figure 21: Top view pictures of the inside of the vacuum chambers. Chambers CI and CO host a cage
structure supporting 1064 nm absorption glasses to reduce diffused light.
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Figure 22: Typical residual gas mass spectrum during data taking, measured in the output chamber CO.
The main residual gases (from left to right) are hydrogen, methane, water vapour, carbon monoxide, and
carbon dioxide. The absence of the oxygen peak indicates the absence of nitrogen. All gas pressures were
well below the VMB equivalent pressures reported in Table 1 on page 33.
third and most important issue was the need to lower the partial pressures of all the gas
species below the value that would mimic a vacuum magnetic birefringence through the
Cotton-Mouton effect; such values are listed in Table 1 on page 33. The chambers CI, CO
and CC were equipped with dry Turbo Molecular (TM) pumps and Non Evaporable Getter
(NEG) pumps. No direct pumping was done in the mirror chambers CM1 and CM2. Each of
the TM and NEG pumps could be isolated by means of a ultra-high vacuum manual gate
or butterfly valve. The TM pumps had also a downstream valve to prevent contamination
during maneuvers on the scroll primary pumps. Two residual gas analysers were installed
in the central chamber CC and in the output chamber CO.
Starting from atmospheric pressure, pumping was initially done slowly to avoid too much
air flux over the surface of the mirrors. After a short transient period, the turbo molecular
pumps were isolated and switched off to guarantee a quiet operation of the cavity. Due to
the inability of NEG pumps to pump noble gases and due to a small production of methane
from the NEG pumps themselves, the turbo pump of the central station was normally left
running. Thanks to its distance from the mirrors, it caused no detectable vibrations on the
optics. This system guaranteed a stable vacuum of ≈ 2× 10−8 mbar in the three pumping
chambers with a typical residual gas mass spectrum shown in Figure 22.
5.5. Vacuum tubes through the magnets
Two different non magnetic materials were used for the vacuum tubes passing through
the magnets: borosilicate glass and silicon nitride ceramics. To connect the tubes to the
metal flanges, standard metal-glass junctions were soon dismissed as they did not allow a
fast disassembly. After trying different solutions, we finally chose to employ home made
ConFlatr adapter flanges compressing a Viton o-ring against the external surface of the
tubes. At the beginning, a non rotating carbon fiber sleeve, held by the support structure
of the magnets, surrounded the glass tubes. These sleeves were intended to shield the tubes
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from air turbulence and periodic light coming from the rotating inner surface of the magnet’s
bore, which could give origin to synchronous noise. In a second phase, the carbon fiber tubes
were removed, and the external walls of the glass tubes were painted in black. Given the
20 mm diameter of the bore of the magnets, borosilicate tubes with an outer diameter of
15 mm and 18 mm with a wall thickness of 1.5 mm were used, whereas the silicon nitride
ceramic tubes had an outer diameter of 18 mm and a wall thickness of 3.75 mm.
Being diamagnetic bodies inserted in a non perfectly uniform magnetic field, these tubes
were subject to rotating forces synchronous with the rotation of the magnets. As will be
discussed in detail in Section 6.2.4, the coupling of the resulting tube’s movements and of
the diffused light reflected off of the inner surface of the tubes was the principal cause of
spurious ellipticity signals at the various harmonics of the rotating magnets. To monitor
the movement of the tubes, a 3-axis accelerometer was installed on the mirror end of each
tube. A micrometric positioning system for the tubes was also installed to minimise the
acceleration. To block the diffused light in the Fabry-Perot reflected at a grazing angle off
of the tube’s inner surface, we inserted baffles inside the glass tubes. Silicon nitride tubes
have an intrinsic roughness reducing the effect of diffused light. Moreover, the mass and the
stiffness of the silicon nitride tube resulted in a reduced movement amplitude.
5.6. Optical vacuum mounts
Figure 23: Three axis mirror mount for the cavity mirrors fixed on the titanium bases of the chambers CM1
and CM2. The rotating stages were based on the piezo ‘slip-stick’ principle and maintained their position in
the absence of power.
For the mounting and alignment of all the optical elements in vacuum we opted for UHV
non magnetic mounts driven by ‘slip-stick’ piezo motors (SmarAct GmbH) to avoid any
magnetic coupling with the rotating magnets. The piezo motors kept their position even
when switched off. Both translation stages and rotation stages were implemented. The
minimum angular step size we used was ≈ 10 µrad. The polariser and analyser motors were
also equipped with encoders.
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Each cavity mirror was mounted on a three axis rotation mount shown in Figure 23. The
center of rotation of the tip-tilt stages coincided with the reflecting surface of each mirror.
The rotation around the cavity axis was used to minimise the equivalent wave plate of the
cavity. No active alignment system was implemented for the optical cavity.
5.7. The rotating permanent magnets
Magnetic system design cylindrical
Magnetic field direction normal to bore axis
Overall length 934 mm
Outer diameter 280 mm
Bore diameter 20 mm
Net weight 450 kg
Magnetic material high coercitivity Nd-Fe-B
Maximum field intensity Bext 2.5 T
Squared field integral 5.12 T2m
Magnetic field length LB 0.82 m
Table 4: Main characteristics of the dipole magnets designed and built by Advanced Magnetic Technologies
& Consulting LLC, Troitsk, Russian Federation.
The permanent magnets of the PVLAS-FE experiment aimed at taking advantage of
the recently developed Nd-Fe-B sintered magnet technology. The set-up comprised the
construction and installation of two identical dipole magnets of the Halbach type [160], with
B = 2.5 T. The main technical characteristics of each magnet are listed in Table 4.
ᷨ
+
Figure 24: Left: Magnetisation directions in the Halbach configuration of a dipole field. Right: Two rings,
16 segment Halbach configuration of the PVLAS-FE magnets with the external cylindrical enclosure.
The segments of the Halbach structure were divided into two concentric rings. Each ring
was composed of 16 sectors of Nd-Fe-B pre-magnetised material. In Figure 24 one can see a
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Figure 25: Inside of the cylindrical enclosure hosting the Halbach elements. In the axial direction the magnet
was composed of twelve layers each 7 cm thick.
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Figure 26: Dipolar field profile of the two PVLAS-FE magnets. The values of
∫
B2ext dL are also reported.
drawing of the concentric structure of the PVLAS-FE magnets and a theoretical magnetisa-
tion direction of the various sectors. Twelve layers each 70 mm thick were assembled axially
in a cylindrical soft magnetic steel case shown in Figure 25. To minimize the stray field
each end flange was a four layers stack alternating aluminium and steel. Each magnet was
balanced by the manufacturer according to G 2.5 accuracy class ISO 1940-1. The measured
transverse component of the magnetic field for the two magnets is shown in Figure 26.
Just as in the PVLAS-Test setup, the magnets were supported by an aluminium non
magnetic structure set on the concrete floor of the experimental hall. There was no direct
contact between the optical bench and the magnet support structure. The support structure
allowed the horizontal movement of the magnets for their extraction and their orientation
for optimal alignment with the vacuum tubes. The two magnets were kept in rotation
by toothed belt transmissions driven by two independent brushless motors whose rotation
frequencies were determined by phase-locked independent signal generators. In this way the
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rotation of the magnets was controlled in phase: the angular position of the magnetic field
was exactly known at any time. In order to allow for systematics monitoring and debugging,
the two magnets were generally rotated at two slightly different frequencies να and νβ.
5.8. The Fabry-Perot cavity
The length of the PVLAS-FE high-finesse Fabry-Perot cavity was d = 3.303± 0.005 m.
This length defines the free spectral range of the interferometer
νfsr =
c
2d
= 45.38± 0.07 MHz. (161)
Plano-concave dielectric mirrors with a radius of curvature of RM = 2 m were manufactured
by ATFilms (Boulder, CO, USA) using super-polished fused silica substrates 25.4 mm in
diameter and 6 mm thick. The reflecting surface of the mirrors was designed for the highest
possible finesse whereas the plane surface had a 1064 nm anti-reflective coating.
Given the geometrical parameters, the minimum waist of the cavity w0 was in the center
of the cavity and had a value [161]
w0 =
√
λd
2pi
√
1 + g
1− g =
√
λ
2pi
√
d(2RM − d) = 0.507 mm (162)
where g = 1− d
RM
. On the mirrors, the beam radius wM was
wM =
√
λd
pi
√
1
1− g2 = 1.21 mm. (163)
The separation of the transverse modes for the symmetric cavity is given by
∆ν = =
νfsr
pi
arccos
√
g2 = 12.44 MHz (164)
guaranteeing a good separation of the lowest index transverse modes. A single lens with
focal length f = 75 cm was employed to mode match the laser and the Fabry-Perot cavity
whose waists were separated by 4.7 m.
The mirrors were installed in the vacuum chambers straight from the manufacturer’s box
without any selection or cleaning. The finesse F of the cavity was determined by measuring
the decay time τ of the power exiting the cavity after switching off the locking circuit:
τ =
Fd
pic
. (165)
The longest decay time ever measured was τ = 2.70±0.02 ms, and is shown in Figure 27. It
corresponded to a finesse F = 770 000± 6 000 [99]. Such a finesse corresponds to a FWHM
cavity line width
νc =
1
2piτ
= 58.9± 0.4 Hz. (166)
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Figure 27: Decay of the light power transmitted by the FP cavity following an abrupt unlocking of the laser
from the cavity. The curve is fitted with an exponential function a+ be−t/τ , with τ = 2.70± 0.02 ms and a
compatible with the oscilloscope offset. Given the cavity length d = 3.303 m the corresponding finesse was
F = 770000.
For this finesse one has
1−R = piF = P + T ≈ 4.1 ppm (167)
where R, T and P are the reflectivity, the transmittivity and the losses of the mirrors,
respectively. By measuring the light powers Iout and IR transmitted and reflected by the
Fabry-Perot cavity [99]
Iout
Iin
= 0.31± 0.02 and IR
Iin
= 0.25± 0.02 (168)
the following values were obtained for the transmittivity T , the losses P and the uncoupled
power Inc:
T = (2.4± 0.2) ppm; P = (1.7± 0.2) ppm; Inc/Iin = 0.09± 0.04. (169)
Most of the VMB measurements were performed with a set of mirrors from the same batch
with a finesse about 10% lower, namely F ≈ 700 000, corresponding to νc = 65 Hz. Given
this value, magneto-optical effects in the cavity were enhanced by a factor
N =
2F
pi
= 446 000. (170)
Assuming that the parameter T is an intrinsic property of the mirrors, one can estimate
that the actual losses with F = 690 000 are slightly higher than in equation (169), namely
P ≈ 2.1 ppm. These two mirrors remained in vacuum (and low pressure gases for calibration)
for about three years without losing in reflectivity thanks to the cleanliness of the pumping
system and to the isolation valves of the mirrors’ vacuum chambers.
During measurements the maximum input power was Iin ≈ 50 mW with a power density
on the mirrors of the order of ≈ 0.2 MW/cm2, a value well below the damage threshold of
the mirrors as declared by the manufacturer.
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Figure 28: General optical and electronic scheme of the PVLAS-FE experiment. BP = Band Pass filter;
RFO = radio frequency oscillator for the PDH locking circuit; LIA = Lock-In Amplifier. The signals Iνm
and I ′νm from LIA 1 are the in-phase and quadrature outputs of the demodulation at the RF.
5.9. Data acquisition
A general optical and electronic scheme of the electronics of the experiment is shown in
Figure 28.
As seen in Section 5.7, the two magnets rotated independently at frequencies να and
νβ. Normally να 6= νβ, so that the measurements taken with one magnet were a counter
check for the results of the other. The two frequencies were chosen so as to have no common
low-order harmonics. The acquisition was started by a trigger of frequency νT equal to a
common submultiple of να and νβ. In practice, νT = |να−νβ|. When the acquisition started,
the magnetic fields of the two magnets had the same direction.
Two acquisition systems were used, a 4-channel spectrum analyser and a 16-channel ac-
quisition board, both synchronised by means of a 10 MHz reference signal with the generators
used for the magnets rotation.
The spectrum analyser only acquired the minimum data set necessary to implement the
calculations in equation (84). For this reason, this system was usually employed only for
quick tests. To take full advantage of the measurement time, a uniform window was selected.
The choice of the rotation frequencies of the magnets was hence limited to multiples of the
frequency width of the bin of the spectrum analyser. In this condition the interesting signals
appeared in a single bin.
In the case of the acquisition board, data sampling was synchronous with the rotation
of the magnets. The numbers of samples per magnet turn, Nα and Nβ, were both integers;
the smaller one was equal to 32 at the beginning, and became 16 later. The values of Nα
and Nβ are related to the rate of sampling νS as
Nανα = Nβνβ = νS. (171)
During acquisition, a very low-frequency feedback kept low the frequency component Iνm at
the modulation frequency νm of the PEM due to a γ(DC). This was done by continuously
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acting on the polariser angular position (and at same time on the analyser position to
preserve the extinction condition). The imposed condition was γ(DC) < 10−5.
5.10. Data analysis
The acquired data were first of all scanned searching for anomalies. If needed, all the
data between two trigger signals could be removed, corresponding to an integer number
of revolutions of both magnets, thereby preserving phase continuity. Also, thanks to the
complete control of the magnet phase, data blocks acquired in different times in the same
experimental conditions could be sewn together to make longer data sets. Then the ellipticity
(or the rotation) vs time was calculated using equation (84). Finally the frequency spectrum
was obtained by a Fast Fourier Transform (FFT), whereas the amplitude Ψ2νB (Φ2νB) and
the phase ϕ2νB of the bin at the frequency 2νB were estimated by a discrete Fourier transform
(DFT) at that frequency.
We assumed that in any small enough frequency interval around 2νB the ellipticity
histogram followed a Rayleigh distribution P (ρ) = (ρ/σ2)e−
ρ2
2σ2 , in which the parameter
σ represents the standard deviation of two identical independent Gaussian distributions of
two variables x and y with expectation value equal to zero, hence ρ =
√
x2 + y2. In our case,
x and y represent the projections of the ellipticity (or of the rotation) along the physical
and the non-physical axes, as defined by the CM calibration. The average value of P (ρ)
over the considered interval is related to σ by 〈P 〉 = σ√pi/2 allowing the determination, for
each data run, of the standard deviation σ2νB of the ellipticity (or of the rotation) around
2νB.
The values of ∆n and σ∆n (or of ∆κ and σ∆κ) were determined for each block as:
(∆n± σ∆n) = λ
piNLB
(Ψ2νB ± σ2νB) (172)
(∆κ± σ∆κ) = λ
piNLB
(Φ2νB ± σ2νB) . (173)
where the values Ψ2νB ,Φ2νB and σ2νB were corrected for k(αEQ) and for the frequency re-
sponse of the system. The values of ∆n or ∆κ were then projected along the physical and
non-physical axes. In the absence of a physical signal, the phase ϕ2νb did not coincide with
the phase of the CM signal measured during the calibration phase. It is clear, though, that
in this case the meaningful numbers in the above expressions were σ∆n and σ∆κ and that
σ∆n, σ∆κ & ∆n,∆κ.
Finally, the weighted average of the values of ∆n and ∆κ were determined from the
values for each run. In doing this a linear dependence of the ellipticity and the rotation with
the length of the field region is assumed. As we will see, when putting limits on ALPs with
different magnet lengths, this is not the case.
Notice that the mixing of ellipticities and rotations due to the cavity birefringence is
described by the parameters N and αEQ (see Section 3.3). Once they were known, from the
birefringence noise measurements we could determine a limit also on the dichroism ∆κ and
vice versa.
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6. PVLAS-FE commissioning
The commissioning of the PVLAS-FE apparatus was divided in three phases: calibration
measurements with large signals via the Cotton-Mouton effect, understanding and reduction
of ‘in-phase’ systematic noise signals appearing at harmonics of the rotating magnets and
‘wide-band’ noise studies. The ‘in-phase’ systematic signals are of particular interest in
that they limit the ultimate noise floor which can be achieved. These issues will be treated
separately in the following sections.
6.1. Calibration measurements
The calibration procedure of the PVLAS-FE apparatus was described in Section 3.4.
Here we will present some measurements which were usually performed before any vacuum
measurement.
6.1.1. Characterisation of the cavity birefringence
As mentioned in the calibration procedure the first parameter to be determined after
the finesse F is αEQ. It is also desirable to minimise this value so as to maximise the
factor k(αEQ). This is particularly important since the noise floor ∆D achievable in a given
integration time goes as k(αEQ)
−2. This minimum condition is obtained when the slow axis
of one mirror is aligned with the fast axis of the other. This configuration ensures that the
resonance peaks for the two polarisation states inside the cavity are as close as possible.
If in equations (104) and (105) α1 were equal to α2 and φWP = 90
◦, the equivalent wave
plate retardation would be zero. In this case, on a plot like that of Figure 7 the resonance
curves of the two polarisation auto-states would be superimposed (red and black curves). If
α1 6= α2, the effect of the equivalent wave plate can only be minimised or maximised but
never extinguished. To reach a good extinction and maximise k(αEQ) the laser polarisation
was always aligned to one of the axes of the equivalent wave plate of the cavity. If this were
not the case, a large ellipticity would be observed in the polarisation of the extinguished beam
with a large Fourier component at the frequency νm of the ellipticity modulator (PEM). To
be more precise, there are also ellipticities generated by other optical elements between the
input polariser and the output analyser which we called γother(t) in Section 3.3.1. In principle
this signal would not affect the magnetic birefringence signal at 2νB but in practice a large
signal at νm would lead to a noise contribution to SΨ due to the laser’s relative intensity
noise at 2νB according to equation (145). It is therefore necessary to keep the signal at νm
as low as possible. The alignment procedure means that the input polarisation is aligned to
the composition of all the static ellipticities generated by the birefringences existing in the
polarimeter in the path from the polariser to the analyser. Of all these induced ellipticities
the largest is indeed due to the cavity. The Fourier component at νm can therefore be
maintained at zero by rotating the input polariser whereby the cavity ellipticity cancels all
others.
In order to study the equivalent wave plate of the cavity, we performed the measurement
of the ellipticity and of the rotation generated by the Cotton-Mouton effect in a gas as a
function of the relative azimuthal position of the two mirrors. In this experimental condition
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there is no dichroism (φ = 0) and a rotation is therefore due solely to the presence of αEQ.
In these measurements, the magnets rotated at νB = 4 Hz; this corresponded to a negligible
correction factor due to the cavity first order filtering [112] for the signal at ν = 2νB = 8 Hz:
ET(2νB) = Eout
T√
1 +R2 − 2R cos δ = 0.97 (174)
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Figure 29: Ratio of the ‘spurious’ rotation to the ‘true’ ellipticity, RΦ′,Ψ = NαEQ/2 of equation (117),
plotted as a function of the azimuthal angle φWP of the input mirror for a Cotton-Mouton effect of 230 µbar
of Ar gas. The continuous line is a best fit with parameters α1, α2 and φWP of equations (104) and (105).
From Reference [104], Figure 8.
In Figure 29, we show the ratio RΦ′,Ψ, given by equation (117), plotted as a function
of the azimuthal angle φWP of the first mirror (the second mirror was never moved). Each
rotation step, of about 15◦, was followed by cavity realignment through the adjustment of
the two tilt stages of the mirror, by optimisation of the extinction ratio through the rotation
of both the polariser and analyser and by a measurement of the finesse. The experimental
points were fitted with equation (117), where αEQ is given by equation (104). The best
fit produced values for the quantities Nα1/2, Nα2/2, and for the angular position of the
maxima with respect to the initial angular position of the input mirror (φWP = 0). With
N/2 ≈ 2.2× 105, the phase differences of the two mirrors were calculated to be
α′ = (2.4± 0.1) µrad and α′′ = (1.9± 0.1) µrad. (175)
It was not possible to associate α′ and α′′ uniquely to the two mirrors with this single
measurement. With the above values for the α’s and by varying the relative angular position
of the two mirrors φWP, the value of αEQ could vary between 0.6 µrad and 4.3 µrad, which
is equivalent to saying that the maximum of the Airy curve of the ellipticity resonance
would be set between 5 Hz to 31 Hz away from the resonance of the input polarisation.
Correspondingly, the k(αEQ) parameter could be varied between ≈ 1 and ≈ 0.5.
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Figure 30: Input polariser angle as a function of the azimuthal angle φWP of the input mirror in a Cotton-
Mouton measurement with 230 µbar of Ar. Data are fitted with equation (105). From Reference [104],
Figure 9.
As described above, for each rotation step of the input mirror, the ellipticity and the
rotation generated by the Cotton-Mouton effect were measured. These values depend only
on the value of αEQ according to equations (112) and (113). In these measurements the best
extinction ratio, and therefore the lowest signal at νm, was obtained by rotating the polariser
and the analyser by a measured amount. The extinction condition ensured the alignment
of the polarisation with the axis of the equivalent wave plate of the whole polarimeter (not
just of the cavity). Figure 30 shows the azimuthal angle φEQ of the polariser for which
the best extinction ratio was obtained, as a function of the mirror angular position φWP.
The data points were fitted with equation (105). The best fit gave a value of α1/α2 =
0.62± 0.08, allowing the assignment of the phase delay of each mirror. This value is slightly
different from α′′/α′ of equation (175) obtained by the fit in Figure 29, but is compatible
within the fit uncertainties. However, the zero references of φWP in the two fits appear
to be different by about 10◦, well beyond the fit uncertainty. This is indeed evidence of
a contribution of other birefringent elements (mirror substrates and PEM) between the
polariser and the analyser. The apparent discrepancy of the two measurements is due to
their different character: the positioning of the polariser in the measurement of the extinction
ratio was made following the indications of the νm signal in the Fourier transform of the
extinguished beam, which is the DC component of the demodulated power corresponding to
γ(DC) = γcavity(DC) + γother(DC), whereas the measurement of the CM effect is performed
at the frequency 2νB, twice the rotation frequency of the magnet and depends on αEQ.
A direct visual demonstration of the birefringence of the cavity was obtained thanks
to the capability of the apparatus to modify the ‘offset’ of the feedback which locked the
frequency of the laser to the resonance frequency of the cavity. This allowed for polarimetric
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Figure 31: Ellipticity (blue), transmitted power (red) and rotation (green) data measured in the Cotton-
Mouton effect of 2.2 µbar of O2 gas, plotted as a function of the ‘offset’ of the laser locking feedback
circuit. The continuous lines are the fits obtained with formulas (102), (100) and (103), giving |αEQ| =
(3.3± 0.1) µrad.
measurements off resonance with phase values of
∆δ ≈ ±2pi
(
∆νc
4νfsr
)
(176)
allowing experimental verification of the mathematics presented in Section 3.3.1. In these
measurements, the azimuthal coordinate of the first mirror is kept fixed and ∆δ is changed.
Figure 31 shows the 2015 experimental data that correspond to the model of Figure 7. The
solid lines are the fits obtained with the formulas (100), (102), and (103). In the three
fits, a common value has been used for the resonance width. The ellipticity (in blue in the
figure) and rotation data (in green) are forced to have the same resonance frequency: this
corresponds to a maximum for the ellipticity and to a zero-crossing for the rotation. From
the fits, one determines the calibration factor between the feedback ‘offset’ and the phase
∆δ. The result for the phase delay between the Airy curves is αEQ = (3.3± 0.1) µrad (with
undetermined sign). This corresponds to a difference in the resonance frequencies of the two
orthogonal polarisation of about ∆ν = 24 Hz and k(αEQ) = 0.65.
As a final remark, we note that none of the experimental procedures described in this
Section allowed us to define the sign of αEQ: the plots of Figures 29 and 30 fix only the
relative sign of the wave plates of each mirror. The method of Figure 31 is in principle
capable of defining the sign of αEQ, but only as long as one knows whether the QWP used
in the rotation measurements is aligned with the slow or the fast axis with respect to the
polarisation direction. This was not the case.
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6.1.2. Frequency response measurements
As we will see, the wide-band noise decreases with a certain power law as a function
of the frequency. As a consequence, and in principle, the higher the working frequency,
namely twice the rotation frequency of the magnets, the better the signal to noise ratio
(SNR) of the measurement (see Section 6.3). One has to note, however, that the Fabry-
Perot cavity behaves like a low-pass filter. Well before 2νB approaches the cutoff frequency
of the cavity, the calibration discussed in Section 3.4 depends on the frequency response of
the cavity. Furthermore, as was discussed in Section 3.3.2, there is a significant deviation
of the frequency response from a simple first order filter, as expected from a Fabry-Perot
cavity, due to the cavity birefringence. This difference will be necessary when explaining the
intrinsic noise of the polarimeter in Section 6.3.
We confirmed the frequency dependences presented above with two different experiments
in each of which the ellipticity and the rotation were measured. The first one was the Cotton-
Mouton effect in 880 µbar of Ar gas, measured as a function of discrete frequencies between
νB = 0.5 Hz and νB = 23 Hz with a measurement every 0.5 Hz. Each ellipticity and rotation
measurement was integrated for a time of 256 s. For this measurement, a single magnet was
employed. The phase of the magnet was defined by a trigger signal generated by a contrast
sensor in correspondence of the passage of a mark drawn on the external surface of the
rotating magnet.
For the second experiment, as we are not aware of the existence of any magnetic dichroism
in gases in the optical range, we used the Faraday effect in the coatings of the mirrors. We
placed a solenoid coil to set a magnetic field with a component perpendicular to the reflecting
surface of one of the cavity mirrors, thus generating a Faraday effect [162]. The effect is
at the first harmonic of the oscillating magnetic field and is linear in the magnitude of the
magnetic field. At the position of the mirror, at a distance of about 15 cm along the axis of
the solenoid, the field was ≈ 1 G. In this second experiment the ellipticity played the role
of the ’spurious’ effect described by equations (129) and (130).
To perform the Faraday effect measurements, the Frequency Response function of an
Agilent 35670A Dynamic Signal Analyzer was employed. The amplitude and phase of a
voltage signal from a small resistance in series with the solenoid was used as a phase reference
and to normalise the amplitude of the observed rotation. We explored the frequency range
from 0 to 50 Hz with 400 frequency bins and a sweep time of 8 s. For the rotation, the total
integration time was ≈ 2 hours, which corresponds to an integration time of 18 s per bin.
The ellipticity, which was approximately three times smaller, was integrated for a total time
of ≈ 5.5 hours, corresponding to an integration time of 50 s per bin.
A small frequency-dependent phase correction (∼ 1◦) was subtracted from the measured
phases of both the Cotton-Mouton effect and the Faraday effect, due to the frequency
response of the lock-in amplifier used to demodulate the signal of the extinguished power.
6.1.3. Cotton-Mouton measurements
The data of the frequency response of the ellipticity and the rotation generated during the
Cotton-Mouton effect measurement are presented in Figure 32. A constant phase, measuring
the zero-frequency relative position of the signals and the trigger, has been subtracted from
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Figure 32: Measured frequency response of the Cotton-Mouton effect with 880 µbar of Ar gas as a function
of the signal frequency. Left: amplitude of the ‘true’ ellipticity (red) and of the ‘spurious’ rotation (blue)
signals. Right: phase of the ellipticity (red) and the rotation (blue) signals. The phase and amplitude data
are simultaneously fitted with equations (124), (125), (129) and (130). From reference [111], Figure 6.
the phase data, so as to have both curves starting at zero phase. The data are fitted
simultaneously with the four functions given in equations (124), (125), (129) and (130), and
the values of the reflectivity R, and hence of the finesse F of the mirrors, and of the phase
difference αEQ of their equivalent wave plate have been obtained:
F = (640± 4)× 103 and αEQ = (1.78± 0.01) µrad. (177)
with a normalised χ2o.d.f. = 181/174. The uncertainties used in the fit were the piecewise
standard deviations of the residuals obtained by fitting the four curves separately.
In a first tentative of a global fit, the residuals of the phase data exhibited a marked
linear behaviour of a few degrees over the whole frequency interval. This behaviour was
attributed to the fact that, during the measurements, the polarisation direction of the light
entering the Fabry-Perot cavity was varied by small quantities to compensate for the slow
drift of the static birefringence of the cavity. We added then two linear functions to the two
phase fit functions. The values of the slopes obtained through the fit were (0.1◦±0.01◦) Hz−1
for the phase of the ellipticity, and (0.05◦ ± 0.01◦) Hz−1 for the phase of the rotation. Note
that the duration of the ellipticity and rotation measurements were, respectively, eight hours
and four hours, leading to an identical drift of 160 µdeg/s in the two measurements. This
strongly supported our interpretation. This drift is associated with the thermalisation of
the mirror shined upon by the laser beam in the presence of the gas. This process slows
down only after many hours of continuous operation.
It is worth noting that the value of αEQ was small enough that fitting simultaneously
the four data sets with the expressions of the first and second order filters (126) and (131)
still produced a reasonable fit, with a similar χ2 probability, but at the expense of an
unreasonable 20% reduction of the value of F and of completely incompatible drifts of the
ellipticity and rotation phases.
6.1.4. Faraday effect measurements
The data of the frequency response of the ellipticity and rotation generated in the Faraday
effect are shown in Figure 33. A constant phase, measuring the zero-frequency relative
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Figure 33: Left: relative amplitude of the ‘true’ rotation (red) and of the ‘spurious’ ellipticity (blue) measured
as a function of frequency for the Faraday effect on the reflecting surface of a mirror of the Fabry-Perot
cavity. Right: phases of the rotation (red) and of the ellipticity (blue). The continuous lines are the global
fits obtained with equations (124), (125), (129) and (130). From reference [111], Figure 7.
position of the signals and the trigger, has been subtracted from the phase data, so as to
have both curves starting at zero phase. The data are fitted simultaneously with the four fit
functions (124), (125), (129) and (130). The fit gives a unique value for the mirror reflectivity
R and the phase delay αEQ:
F = (691± 0.08)× 103 and αEQ = (1.87± 0.02) µrad (178)
with a normalised χ2o.d.f. = 1472/1434. The value of αEQ is 5% larger than the one found
in the Cotton-Mouton experiment. This small difference could be accounted for by the fact
that the two data sets were taken in different days and that we know that αEQ is subject
to small drifts. As in the case of the Cotton-Mouton measurement, the uncertainties used
in the fit are the piecewise standard deviations of the residuals obtained by fitting the four
curves separately.
Differently from the Cotton-Mouton case, no phase drift correction was necessary. This
is consistent with the interpretation of the feature observed in the Cotton-Mouton effect:
in fact, in the case of the Faraday measurements, the phase is electronically defined and
therefore does not depend on the position of the polariser.
By fitting the four curves with the expressions of the first and second order filters (126)
and (131) we obtained F = 594 × 103, with a χ2 probability of 5 × 10−3, justifying the
necessity of introducing the parameter αEQ.
6.2. In-phase spurious signals
In this section and the next we will discuss noise sources afflicting the PVLAS-FE ap-
paratus. We will discuss separately ‘in-phase’ noise sources appearing at harmonics of the
rotating magnets and ‘wide-band’ noise present independently of the rotation of the magnets.
Spurious signals in ellipticity and rotation were observed in all the experimental setups
of PVLAS, with similar characteristics of apparent non-repeatability. In the older setups,
their sources were not identified due to insufficient debugging. Here we will present the
different phenomena we explored as possible sources of spurious signals.
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The ellipticity coming from a true magnetic birefringence inside the cavity was calibrated
in a CM measurement with a large signal-to-noise ratio, as described in Section 3.4. In
particular, the signals coming from the magnets rotating at two different frequencies had
the same amplitude and phase once corrected for the dynamical response of the Fabry-Perot
cavity. Moreover, the phase of the ellipticity was independent of the gas species (modulo
180◦). As a last point, ‘good’ signals occupied a single bin in the Fourier spectrum.
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Figure 34: Fourier transform of a 1.2 × 106 s data set of the stray magnetic field of one of the rotating
magnets.
As mentioned before, one of the strengths of the PVLAS-FE experiment was the possibil-
ity of obtaining the Fourier transform of very long data sets; in a short data set disturbances
not exactly at 2νB, for example due to a mechanical excitation, were likely to show up as a
peak simulating a birefringence signal. In a long data set though such a peak would occupy
several bins indicating a false signal. In Figure 34 we report the Fourier spectrum of the
magnetic stray field of one of the rotating magnet integrated for a time of 1.2× 106 s. The
harmonic occupies a single bin in the Fourier spectrum, as expected. A magnetically induced
ellipticity must behave in the same way.
In the following we discuss some of the possible causes of spurious peaks, and describe the
tests done, the successes and the questions still open. We will not discuss obvious issues like
the CM signals related to the residual atmosphere probed by the laser beam in traversing
the magnetic field: the residual pressure in the vacuum chambers was low enough to make
this systematic undetectable and after the debugging no birefringence signal was observed.
6.2.1. Stray fields and pick-ups
A possible origin for spurious signals could have been the stray field of the rotating
magnets. The magnetic stray field was . 0.1 G along the magnet axis at a distance of
≈ 40 cm outside the magnet extremity, which was about the distance of the magnets from
the cavity mirrors. The oscillating stray fields could also have acted on other elements of
the apparatus or could be picked-up by one or more electronic circuits. The signal could
therefore end up in the ellipticity directly, or via ground loops, or by means of some other
mechanism. Notice again, however, that the spurious signals which might have been confused
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Figure 35: Left: Fourier transform of the transverse horizontal magnetic field component at the position of
the laser due to the rotating magnets and to a Faraday cell. The two magnets were rotating at 4 Hz and
5 Hz; the Faraday cell was fed with a sinusoidal current at 13 Hz. Right: ellipticity spectrum in vacuum
showing a spurious signal only at 10 Hz. The integration time was T ≈ 105 s.
with an ellipticity were only those at the second harmonic of the rotation frequency of the
magnetic field.
In a first series of tests we tried to identify possible targets of the stray field. To this end
a coil was employed to place a magnetic field on the various components of the experiment.
This auxiliary magnetic field was at least a factor 10 more intense than the stray field from
the rotating permanent magnets. The coil was positioned in proximity of an optical element
or of an electronic instrument, and peaks in the Fourier spectrum at the frequencies νF and
2νF of the coil were searched for in the ellipticity spectrum.
In Figure 35 we show the result of one of the tests performed. In this case, the laser was
investigated. The left graph is the Fourier spectrum of the horizontal transverse component
of the magnetic field at the position of the laser measured with a commercial magnetometer.
The rotation frequencies of the two magnets, 4 Hz and 5 Hz with their harmonics, are visible
together with the frequency of the alternating current in the Faraday coil at 13 Hz. A small
non linearity of the magnetic field sensor was responsible for a slight frequency mixing. The
sensor head of the magnetometer was aligned in the horizontal direction transverse with
respect to the light path; quite similar spectra were recorded for the other two directions
of the magnetic sensor. The corresponding ellipticity spectrum in the right panel of the
Figure 35 shows a single peak only at 10 Hz, excluding the stray magnetic field on the laser
as a source of ellipticity.
This search gave a negative result for all the elements investigated except when the
solenoid aimed at the mirrors of the cavity. This, however, was nothing new, since small
ellipticity signals were always observed at the frequency νB (see Figure 36). These were due
to the Faraday effect on the dielectric layers of the mirrors producing a rotation that the
birefringent cavity transformed into ellipticity. Since the rotation axis of the magnets did
not pass exactly through the center of the mirrors, there was always a small component of
the stray magnetic field Blong perpendicular to the surface of the mirrors. Indeed a Faraday
rotation should have an amplitude
ΦF = N CVerBlong (179)
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Figure 36: Ellipticity spectra showing peaks at the rotation frequencies of the two magnets. These are due
to Faraday rotations in the mirrors which are fed to the ellipticity channel by the factor RΦ′,Ψ. Integration
time T ≈ 9× 105 s.
where N is the amplification factor of the Fabry-Perot and CVer is the effective Verdet
constant describing the rotation per reflection per gauss. Remember rotations were trans-
formed into ellipticities with a conversion factor |RΨ′,Φ| ≈ 0.5. The Verdet constants of
the materials composing the dielectric layers of the mirrors was measured by Iacopini et
al. in 1983 [162] who found a value for the induced rotation per reflection per gauss of
CVer = 0.37 × 10−9 rad/G. To reproduce the observed data, the longitudinal component of
the stray magnetic field at the position of the mirrors should have been Blong ∼ 2× 10−4 G,
a perfectly plausible value.
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Figure 37: Vertical component of the acceleration of the floor and of the optical bench before in situ
balancing of the rotating magnet. Harmonics of the rotating magnet (4 Hz) are also present on the optical
bench.
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6.2.2. Mechanical noise from the rotating magnets
As another possible source of noise and spurious signals, we investigated the mechani-
cal vibrations transmitted by the rotating magnets to the optical components through the
ground and the seismic isolation of the optical bench. The PVLAS-FE experiment was
designed with the structures supporting the magnets separated from the optical bench, but
both systems stood on the same concrete ground plate. The vibrations excited by a small
unbalancing of the magnets were transmitted to the ground plate and filtered by the pneu-
matic air springs of the optical bench. This mechanism could have played a significant role
in the generation of the spurious peaks, in particular when the rotation frequency of the
magnets was increased. In Figure 37 we show the vertical component of the acceleration of
the optical bench and of the ground, measured with the magnets rotating at 4 Hz. We bal-
anced the magnets in situ, reducing the acceleration measured on the supporting structures
down to 10−4 m/s2 for a rotation frequency νB = 4 Hz. The results of this operation were
quite unambiguous: the amplitude of the acceleration of the bench at the rotation frequency
of the magnet decreased below the noise, whereas the second harmonic seemed not to be
affected by the procedure, indicating a different origin of this acceleration (see Section 6.2.5
below).
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Figure 38: First harmonic of the horizontal component of the acceleration of one of the structures supporting
the magnets, measured as a function of the rotation frequency of the magnet.
We also studied the resonances of the structures supporting the magnets. In Figure 38,
we show the horizontal acceleration measured on one of the two structures supporting the
magnets, after balancing, as a function of the rotation frequency. It is evident that, as a
general trend, the acceleration increases with frequency due to a residual unbalance. As we
will see in the following, the measurements of the vacuum birefringence were taken initially
with the rotation frequency of the magnets ranging from 3 Hz to 5 Hz, and only in 2016
the frequency νB was increased to 8 Hz to exploit the relative minimum of the noise around
16 Hz.
As a last attempt to reduce the mechanical noise supposedly associated with the rotation
of the magnets, we lifted the structures supporting the magnets on anti-vibration feet. In
order to comply with the general stability criterion, we connected the two structures with
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two girders placed down near the floor. We obtained a single 1.6 ton structure that we
lifted on four pneumatic FAEBI R© Rubber Air Springs by Bilz. The measurements indicated
that the acceleration measured on the bench at high rotation frequencies was significantly
reduced at νB, but again not at 2νB. Moreover, due to this modification to the apparatus,
the position of the magnets with respect to the table became dependent on the air pressure
in the FAEBI R© feet, an issue we will come back to further on.
6.2.3. Movements of the optical bench
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Figure 39: Ellipticity as a function of the oscillation amplitude of the optical bench inertially generated
by a mass oscillating on the bench. Points on the two linear curves are the 11 Hz components due to the
longitudinal (top) and transverse (bottom) oscillation of the mass measured at two amplitudes. The isolated
point is the 8 Hz component of longitudinal oscillation related to the rotation of the magnet at 4 Hz.
In this Section we report on the investigation of the connection between the movements
of the optical bench and the ellipticity signals. For this study, we placed a mass of lead of
10 kg on a linear translator mounted horizontally on the optical bench. By substituting the
fine thread screw with a piezoelectric ceramics, the mass could be put in oscillation at a
chosen frequency in the directions parallel or orthogonal to the light propagating in the FP
cavity. While the mass was oscillating, we measured the acceleration of the optical bench
in the direction of the oscillation and the spurious ellipticity signals at the frequency of
oscillation. The observed ellipticity signals were linear in the displacement, with linearity
coefficients (91 ± 2) m−1 for the direction parallel to the light path and (17.6 ± 1.4) m−1
for the direction perpendicular, as shown in Figure 39. From the figure one can see that
the 8 Hz spurious ellipticity signal associated with the acceleration due to the rotation of
the magnet is too intense to fit in the linear relations, suggesting the existence of a different
coupling mechanism between the rotation of the magnets and the ellipticity.
The oscillation of the 10 kg mass generated a modulation also in the correction signal
of the feedback system locking the laser to the cavity. This modulation indicates that there
was a phase modulation of the electric field reflected by the cavity with respect to the
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Figure 40: Correlations between the ellipticity and the correction signal. Integration time was 1600 s for the
ellipticity and 160 s for the correction signal. Left: the experimental points are the amplitudes of the first
four harmonics of the mass oscillation frequency (11 Hz). The numbers above each data point indicate the
corresponding harmonic. The straight line is the best fit with slope 1.24× 10−4/V. Right: the experimental
points are the amplitudes of the harmonics of the rotation frequency of the magnet (4 Hz). The eleventh
harmonic indicated by the red circle is common to the two graphs.
incident beam. A modulation in δ together with a static ellipticity will be translated into a
modulated ellipticity proportional to δ whenever αEQ 6= 0 [see equation (99)].
In Figure 40 we show the correlation of the ellipticity and the correction signal of the
feedback system locking the laser to the cavity. The measurement was taken while the mass
was oscillating at 11 Hz along the cavity direction and both magnets were rotating at 4 Hz.
The top panel plots the amplitude of harmonics of the mass oscillation; the bottom panel
plots the amplitude of the harmonics of the rotating magnets. While the correlation in
the first graph is clear, the correlation shown in the second graph is fuzzy, again indicating
that the two noise sources, the oscillating mass and the rotating magnets, had different
mechanisms of coupling with the ellipticity.
6.2.4. Diffused light and ‘in-phase’ spurious peaks
A real breakthrough with the spurious signals came only when we started paying atten-
tion to diffused light. The sources of diffused light inside the cavity are the intense spots
M1 M2
Figure 41: Infrared photos of the mirrors with the laser locked to the cavity. The TEM00 of the cavity is
visible due to diffused light from the mirrors. Small bright spots can also be seen near the edges of the
modes.
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of the light reflecting on the mirrors when the laser is locked. Photographs of these spots
can be seen in Figure 41. Besides the Gaussian beam a few extra bright dots distributed
around the main spots can be seen. These dots could be due either to dust or local defects
of the mirror surface. As seen from the centre of the mirror, the incidence angle on the inner
surface of the glass tube ranged from ≥ 88◦ to ≈ 89.8◦. This corresponded to an average
reflective power of the inner surface of the tube ranging from 0.82 to 1. Since diffused light
is a source of noise in a Fabry-Perot cavity [163], its modulation might generate spurious
signals. Diffused light is essentially unpolarised light that can traverse both the polariser
and the analyser. Its power might have been modulated if the tube vibrated synchronously
with the rotation of the magnets. As a matter of fact, by monitoring the infrared radiation
coming out laterally from the accessible portion of the glass tube just outside the magnets,
we found a power modulation at harmonics of the rotating magnets. On the other hand,
the ellipticity and rotation signals in the extinguished beam were extracted through a de-
modulation process that was insensitive, to first order, to a power modulation. The same
was true for the reflected beam and the error signal of the laser frequency-locking system.
The point was that diffused light could also be modulated in phase.
Figure 42: Positioning of the baffles inside the tube. The baffles prevent light from a given area on the
mirror from reaching the internal surface of the glass tubes.
Tube without o-rings Tube with o-rings
O-ring 
Figure 43: Above: schematic view of the baffles inserted inside the tubes. Below: looking through the tube
before and after the insertion of the o-rings; a net attenuation of the diffused light is observed.
The first action we took was to place inside the tube (at that time a 12.5 mm internal
diameter glass tube) a system of baffles to absorb the diffused light. The irises where Viton
o-rings with external diameter equal to the internal diameter of the tube and chord thickness
∼ 1 mm. The sequence of the positions of the o-rings inside the tube was such that the
internal surface of the glass tube could not be seen from any position inside a round spot
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in the centre of the mirror (see Figure 42). The first o-ring was placed just at the end of
the tube near the mirror; the second o-ring intercepted the light that grazed the edge of the
first o-ring coming from the periphery of the blind spot; the position of the third o-ring was
further away, chosen with the same criterion, and so on. The improvement obtained could
be appreciated already by looking through the tube with the naked eye (see Figure 43).
The diameter of the blind spot grows with the number of baffles, in principle allowing to
screen the whole surface of the mirror; however, as the edges of the o-rings themselves are
reflective in grazing incidence, we never used more than 20 o-rings per tube, with blind spot
dimensions of the order of twice the waist of the laser light on the mirrors.
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Figure 44: Left: ellipticity spectrum before the insertion of the o-rings inside the tubes; signals are observed
at harmonics of the magnet rotation frequency νB = 5 Hz. Right: ellipticity spectrum after installation of
the baffles.
The effect of the installation of the o-rings was a sudden reduction of the spurious
signals. The spectra reported in Figure 44 prove this beyond any doubt: the signal at 2νB
disappears, being reduced by a factor of at least ten. We note that the peak at νB, which is
due to a Faraday effect on the mirrors, is reduced but does not disappear, unlike the other
harmonics. The remedy we found to the problem of the spurious signals was very effective,
indicating that the spurious signals are actually generated by a modulation of the diffused
light (amplitude and/or phase). The nature of this modulation was still unclear. In the
next section we will show that the movement of the tube induced ellipticity signals, thus
suggesting that the movement of the tube modulated the diffused light.
6.2.5. Magnetic forces on the tube
A piezoelectric crystal was used to induce an oscillation of the (glass) tube at 7.5 Hz
in the transverse direction with a nominal amplitude of 1 µm. The induced acceleration
was measured with a three-axes accelerometer fastened at the extremity of the tube on the
mirror side. Figure 45 shows that the acceleration (or the oscillation amplitude) of the tube
along the piezo direction was correlated to the ellipticity. The piezoelectric crystal applied
a force between the optical bench and the tube. Given the difference in masses, the results
were interpreted in terms of the movement of the tube (not of the bench) with respect to
the magnets. We concluded that the movement of the tube generated spurious ellipticity.
With the magnets in rotation, the transverse acceleration of the tube appeared at the sec-
ond harmonic of the magnet rotation frequency. Both the glass and the ceramic tubes were
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Figure 45: Correlation of measured ellipticity and tube acceleration. The spectra are obtained forcing the
movement of the tube with a piezo at νpiezo = 7.5 Hz. In the acceleration spectrum three harmonics were
observed. The three points shown correspond to the harmonics at 7.5, 15.0 and 22.5 Hz.
made of diamagnetic materials inserted in a rotating dipole magnetic field. The magnetic
force on a magnetised body is given by
~F =
1
2µ0
µr − 1
µ2r
∫
body
~∇B(t)2 dV (180)
where the integral extends over the volume of the body and the magnetic susceptibility
χ = µr − 1 was in the present case small and negative (χ ∼ −10−6).
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Figure 46: Plot of the 2νB component of the transverse acceleration of the tube (red points) and the position
(green points) of the tube inside the magnet bore, monitored during a few days. Each point is integrated
for a time of 1024 s.
Two gradients of the magnetic fields were present: a strong gradient of the field directed
parallel to the axis of the magnets at both ends resulting in a longitudinal force, and a smaller
radial gradient due to the non ideal dipolar field near the edges of the bore and therefore on
the tubes. If the geometry of the magnets and the positioning of the tubes had been ideal,
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the net force on the tubes would have been zero. The position of the tubes coincided only
approximately with the axis of the magnets and therefore the asymmetry of the magnetic
field with respect to the tubes’ position resulted in a net transverse force on the tubes.
This force rotated with the magnet; since the force field described by equation (180) has
rotational symmetry of order two determined by B(t)2, the main Fourier component of the
force was expected at 2νB, as observed. Furthermore the proportionality of this transverse
force with the volume of material inside the magnetic field was verified by progressively
inserting a second diamagnetic rod, of outer diameter equal to the inner diameter of the
glass tube, inside the glass tube. This last test also excluded the longitudinal gradients as
a source of the observed acceleration of the tube.
The component at 2νB of the transverse acceleration of one of the two tubes is shown
in Figure 46 together with the position of the tube inside the magnet bore recorded during
a few days in which the newly installed FAEBI R© rubber supports of the structure of the
magnets were still settling. The graph bears a clear evidence of a correlation between the
acceleration of the tube and the relative position of the tube with respect to the magnet
axis.
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Figure 47: Polar plot of the tube acceleration at twice the frequency νB . The two transverse acceleration
components are shown separately. During this measurement, which lasted a few days, the relative position
of magnet and tube was drifting in a straight line about 1 mm long.
In the polar plot of Figure 47 the two components of the acceleration reported in Figure 46
are shown. The two components both describe straight lines which, though, do not intercept
at the origin of the polar plane.
The above tests clearly indicate the existence of transverse magnetic forces on the tube
depending on its position inside the magnetic field.
In a first attempt to solve this problem, the glass tube was partially lined with a para-
magnetic sheath to try to compensate the diamagnetism of the glass [164]. The operation
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proved to be too difficult and a fine xy positioning system at the two ends of each tube
was realised. On the ends of the tubes far from the mirrors the position was defined by two
manual 100-threads-per-inch screws. On the mirror ends, NanoPz piezoelectric actuators by
Newport with minimum step-size of 10 nm were employed allowing remote operation. The
accelerometer signals of the two transverse axes were sent to two lock-in amplifiers refer-
enced to the signal of the magnetometer sampling the oscillating stray field of the rotating
magnet. The lock-in amplifiers demodulated the two acceleration components at the second
harmonic of the reference frequency; a long integration time of about one hundred seconds
was employed to extract the average value of the acceleration at 2νB. Depending on these
two lock-in signals, the corresponding NanoPz was actuated to minimise the acceleration.
6.2.6. ‘In-phase’ spurious signals conclusion
To conclude this report on the ‘in-phase’ noise, we want to stress that the fundamental
tools for cutting the systematic ellipticity signals at 2νB were the reduction of the diffused
light inside the vacuum tubes and their precise centering with respect to the magnets to
minimise the force give by equation (180). Only the implementation of these two techniques
allowed us to integrate the ellipticity up to ≈ 5× 106 s without spurious signals appearing.
We also explicitly note that these findings were possible only thanks to the long debugging
time allowed by the use of permanent magnets.
6.3. Wide band noise
The wide band noise of the PVLAS-FE apparatus, in the absence of systematic signals in
phase with the rotating magnets, determined the ultimate sensitivity of the polarimeter. The
mechanism that produced wide band noise is still not completely understood but, as it will
be shown, its nature is an ellipticity originating from inside the cavity. As seen in Section 3.5
the estimated ellipticity sensitivity at frequencies in the range 10-20 Hz should have been
S
(expected)
Ψ ≈ 8 × 10−9/
√
Hz with the PVLAS-FE parameters. Experimentally though, the
measured ellipticity noise during data acquisition was S
(PVLAS)
Ψ ≈ 4× 10−7/
√
Hz @ ≈ 16 Hz
with an approximate frequency dependence proportional to 1/ν. The experimental evidence
was about a factor 50 worse than the expected sensitivity. This correspond to optical
path difference sensitivities at ≈ 16 Hz of S(expected)∆D ≈ 6 × 10−21 m/
√
Hz and S
(PVLAS)
∆D ≈
3.5× 10−19 m/√Hz, respectively.
In Figure 48 the integrated noise measured over a total time T = 106 s is shown with
one magnet rotating at 5 Hz. The noise is averaged over a frequency interval 9.6÷9.9986 Hz
and 10.0016 ÷ 10.4 Hz therefore excluding 2νB. It decreases as a function of T as 1/
√T ,
as expected for uncorrelated noise, and shows no evidence of any significant deviation. The
same behaviour was observed for all the other runs. The total run time of the PVLAS-FE
apparatus was ≈ 5×106 s with which a 1σ noise floor of σΨ ≈ 2×10−10 was reached, a factor
of about 7 from the expected value Ψ(QED) = 2.6× 10−11 (for each magnet). Increasing the
integration time by a factor of about 100 to close the gap was unthinkable and work was
done to understand the origin of this and improve it.
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Figure 48: Integrated ellipticity noise with one magnet in rotation at 5 Hz as a function of integration time
T averaged over the frequency ranges 9.6 ÷ 9.9986 Hz and 10.0016 ÷ 10.4 Hz excluding a few bins around
10 Hz. The time separation between two consecutive points in the graph is 2048 s. The fit shows a decrease
of the integrated noise as 1/
√T as expected for an uncorrelated noise up to T = 106 s. The ellipticity
expected from the vacuum magnetic birefringence with one magnet in rotation is also shown.
6.3.1. Diffused light and wide band noise
The introduction of the baffles in the glass vacuum tubes, which resulted in a drastic
reduction of the ‘in-phase’ signals as discussed in Section 6.2.4, did not generate an improve-
ment in the wide-band noise. This was shown in Figure 44. The installation of 1064 nm
absorbing glass in the polariser and analyser vacuum chambers (see Figure 49) did not help
either. The conclusion was that the wide-band noise present in the apparatus was not due
to diffused light.
Figure 49: Left: input vacuum chamber C1 hosting the polariser (P); Right: output vacuum chamber C2
hosting the analyser (A), the photoelastic modulator (PEM) and the quarter-wave plate (QWP). In the
photographs, the frames supporting the absorbing screens can be seen.
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6.3.2. Ambient noise
Previous experience showed a clear evidence that seismic isolation reduced the ellipticity
noise, reason why the whole polarimeter was mounted on a single vibration isolated optical
bench [165]. Furthermore, from being structured (presence of wide resonances) when the
optical bench was not well seismically isolated, the Fourier ellipticity spectrum acquired a
very smooth and time independent aspect. In the previous sections we discussed the ‘in-
phase’ ellipticity generated by the rotating magnets compared to the ellipticity induced by
an oscillating mass on the bench. The conclusion there was that it was not the movement
of the optical bench but the movement of the vacuum tube, generated by the field gradient
of the rotating magnet, coupled to the diffused light to induce spurious ellipticity signals.
Residual mechanical wide-band noise present on the optical bench could also have been
the source of the observed ellipticity noise. The mechanism of generating ellipticity noise
from the optical bench vibrations could have been the induced random movement of the
light spots over the cavity mirrors. Indeed the mirrors have a birefringence pattern and each
surface point corresponds to a different phase delay [107].
Using the same linear relation described in Figure 39 applied to the observed mechanical
noise measured by an accelerometer mounted on the optical bench would imply a level of
ellipticity noise significantly lower than the one observed. In fact, the observed vertical
(transverse to the beam) acceleration noise density measured on the optical table is shown
in Figure 37 on page 73 and is about ≈ 10−8 g/√Hz at ≈ 8 Hz, corresponding to a bench
movement of ≈ 4 × 10−11 m/√Hz. Using the stronger dependence dΨ
dx
≈ 100 m−1, from
Figure 39 on page 75, such a movement corresponds to an ellipticity noise ≈ 4× 10−9/√Hz
or lower.
We therefore concluded that mechanical vibrations of the bench could not account for
the observed sensitivity of the polarimeter.
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Figure 50: Comparison of the relative intensity noise (RIN) of the laser with the air conditioning on and
with it off. Left: measurements taken 0.5 m from the laser head. Right: measurements taken at a distance
of 2.5 m from the laser head.
Acoustic noise and the ventilation in the clean room was also considered as a noise source.
The air flow generated turbulences which affected the propagation of the laser entering the
polarimeter. A comparison of the intensity noise and pointing noise of the incident laser
beam with the air flow ON and OFF was performed. The intensity noise was measured in two
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Figure 51: Comparison of the laser pointing noise SR =
√
S2X + S
2
Y measured at about 3 m from the laser
with the mode matching lens in position. The two panels show different frequency ranges.
different positions: 0.5 m from the laser and after a further distance of about 2 m whereas
the pointing noise was measured at about 3 m from the laser with the mode matching lens
in place. In Figure 50 the intensity noise of the laser beam at these two positions with the
air flow ON and OFF are shown. The amplitude noise is considerably worse at the farther
position and further worsens with the air flow ON (black curves). In Figure 51 the pointing
noise SR =
√
S2X + S
2
Y is shown with the conditioning ON and OFF. A clear difference is
visible at all frequencies here too.
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Figure 52: Ellipticity sensitivity with air flow on (black points) and off (red points). Each point in the two
graphs is the average over the 32 bins in a 1 Hz frequency interval. Integration time for the two graphs is
T = 4.1× 103 s and T = 5.6× 103 s, respectively.
In Figure 52 we show two measurements of the sensitivity in ellipticity in the frequency
range of interest as a function of frequency with the air flow ON and OFF. As can be seen,
differently from the cases of relative intensity noise and pointing noise, the air flow had little
or no influence on the sensitivity in ellipticity. This indicates that neither the input intensity
noise nor the input pointing noise were limiting the ellipticity sensitivity. The condition for
the intensity noise to be negligible is given by equation (145) and was kept under control. As
for the input beam pointing noise it must be noted that the beam stability inside the cavity
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is defined only by the stability of the mirrors thereby excluding the birefringence pattern of
the mirrors, coupled to the input pointing noise, as the noise source.
The dominant ellipticity noise seems to be of a different nature. To complete this series of
tests, we also performed measurements with all the other sources of acoustic and vibrational
noise, such as the turbo and scroll vacuum pumps, switched off. Again, the sensitivity did
not change.
6.3.3. The role of the finesse
The design of the PVLAS-FE experiment was fundamentally based on the following
considerations:
1. with a Fabry-Perot cavity, the total acquired ellipticity is Ψ = Nψ, where ψ is the
ellipticity acquired for a single pass in the birefringent medium. With
∫
B2 dL ≈
10 T2m and a finesse F = 7×105 this gives Ψ = 5×10−11. In order to reach a unitary
signal to noise ratio in an integration time T = 106 s, a sensitivity of 5 · 10−8/√Hz
would be needed;
2. in principle, at a modulation η0 = 0.01, a near shot-noise sensitivity of ≈ 8 ·10−9/
√
Hz
should have been possible. Since shot noise is always very difficult to achieve, the
PVLAS-FE apparatus was designed with a contingency factor about ten.
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Figure 53: Ellipticity sensitivity measured as a function of the frequency with the optical scheme of the
PVLAS-FE experiment but without the FP cavity.
As can be seen in Figure 53, without the Fabry-Perot cavity the sensitivity above 7 Hz
was limited by the expected noise budget determined in Section 6.3.8. Below 7 Hz the noise
was limited by the pointing stability of the laser beam (in the presence of the Fabry-Perot
the beam stability inside the cavity is determined solely by the mirror stability and not by
the input laser beam). In the frequency region from 6 Hz to 25 Hz the sensitivity was flat
and reached the expected value from the known noise budget. As already mentioned, the
noise sources in Figure 10 are electronic/instrumental noises which can be translated to an
ellipticity noise. They do not represent a direct ellipticity noise which will beat with the
modulator.
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In principle the Fabry-Perot cavity amplifies an ellipticity generated between the cavity
mirrors thereby improving the signal to noise ratio by a factor N . This is indeed the case
for relatively low finesses but the introduction of the very high finesse Fabry-Perot cavity
changes the wide band noise distribution in an unexpected way. In this case the signal
to noise ratio reaches a plateau due to a noise γcavity generated inside the cavity which is
therefore also multiplied by N .
6.3.4. Ellipticity modulation
To understand the ellipticity nature of the wide-band noise and the discrepancy from
the expected one, and to determine a possible contribution of the PEM, measurements of
the sensitivity in ellipticity were performed as a function of the modulation amplitude η0
and are shown in Figure 54. The measurements were performed at frequencies ranging from
2 to 25 Hz. Each of the first four panels of the figure presents the data relative to a 6 Hz
frequency interval. In the first frequency range from 2 to 7 Hz (top to lower curves), the
noise is almost independent of the modulation amplitude and is far from the calculated noise
of the polarimeter (dashed curve, I‖ = 5 mW, see Figure 10 on page 10). Furthermore there
is an improvement as the frequency increases. In the interval from 8 to 13 Hz the sensitivity
further improves. At small modulation amplitudes, with η0 < 10
−4, the measured noise
densities seem to tend to the calculated value. At higher frequencies and higher modulations,
the ellipticity noise improves. In the middle two panels the sensitivity as a function of η0
deviates from the calculated curve and flattens off for values up to η0 ≈ 10−2. For η0 > 10−2
the sensitivity deteriorates proportionally to η0. The measured minimum is reached at values
of η0 ≈ 10−3 in contrast to the minimum at about η0 ≈ 10−2 of the calculated curve.
The 24 sensitivity curves were fitted using the function of equation (142) to which a
constant, uncorrelated, frequency-dependent noise Aν was added:
S
(tot)
Ψ
′(ν) =
√
S
(tot)
Ψ
2 + A2ν . (181)
Free parameters are N
(RIN)
νm [see equation (141)], which is common for all the curves and
describes the sensitivity deterioration proportional to the modulation at large values of η0,
and Aν . A common value N
(RIN)
νm = (1.6 ± 0.3) × 10−5/
√
Hz is obtained. An example of
these fits is shown for the 25 Hz case in the fifth panel of Figure 54, for which A25 Hz =
(1.99 ± 0.05) × 10−7/√Hz. For low values of η0 the measured points follow the expected
curve which depends only on the readout electronics. Assuming the values of Aν represent an
ellipticity, they were normalised by k(αEQ) = 0.65 and are plotted as a function of frequency
in the sixth panel of the same Figure 54.
The value obtained for the N
(RIN)
νm from the fit was about a factor 50 greater than the value
measured at νm = 50 kHz corresponding to N
RIN
νm ≈ 3 × 10−7/
√
Hz. Another contribution
to the sensitivity proportional to the modulation η0 seemed to be present and dominated
for η0  σ2 just as equation (141) does: SΨ = kη0 with k ≈ (1.6± 0.3)× 10−5/
√
Hz. This
contribution remains unexplained and may be due to the PEM.
For intermediate values of η0 between 10
−3 and 10−2 there was a frequency dependent
ellipticity noise beating with the modulator just like an ellipticity should. Furthermore,
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Figure 54: First four panels: measured ellipticity noise density (red dots) compared to the theoretical
intrinsic noise density S
(tot)
Ψ (dashed line, I‖ = 5 mW) of equation (142), plotted as a function of the
modulation amplitude η0. Each of the panels presents measurements at six different frequencies, from 2 Hz
to 25 Hz, in 1 Hz steps. In the fifth panel, a fit of the 25 Hz points is shown. The fitting function is the
theoretical noise S
(tot)
Ψ of equation (142) plus a frequency dependent uncorrelated noise Aν and with N
(RIN)
νm
left as a free common parameter for the fit of all the 24 curves to describe the measured linear rise in SΨ
for large values of η0. The sixth and last panel shows the 24 values of Aν . Assuming the noise originates
as an ellipticity noise SΨ, the data in this last panel have been normalised with k(αEQ) = 0.65. The much
smaller correction due to the frequency response of the cavity has been neglected.
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this noise dominated and seemed to be due to the presence of the cavity which generates
γcavity(t). Further evidence that the Fabry-Perot was the source of this ellipticity noise will
be given in Section 6.3.7.
6.3.5. Cavity frequency difference for the two polarisation states
Two effects related to the frequency difference between the two polarisation states were
also considered as possible ellipticity noise sources: a laser-cavity frequency difference noise
and a fluctuation of the frequency difference between the two resonances.
As discussed in Section 3.3.1 and as demonstrated by the measurements presented in
Section 6.1.1, the presence of a birefringent cavity with αEQ leads to a linear dependence
of an ellipticity on the round-trip phase δ as can be seen from equation (111). This can
be understood graphically from Figure 31 on page 67: when locked near resonance (top of
red curve) the ellipticity signal will follow the blue curve which has a non zero derivative as
a function of the phase δ. A noise in δ together with a static ellipticity will be translated
into an ellipticity noise proportional to δ whenever αEQ 6= 0. The noise in δ will depend
on the quality of the locking circuit, namely on the noise of the voltage VE at the error
point when the laser is unlocked. With the laser locked, this noise is translated into a
frequency noise by the locking circuit and if the gain is high enough (as was the case for the
PVLAS-FE circuit) this is the dominant feedback noise. The dependence of the ellipticity
on δ can be observed by modulating the laser frequency around the resonance [104] with a
known VE(t) = A cos(2piνofft) and measuring the induced ellipticity Ψνoff at νoff . This allows
the determination of ∂Ψ
∂VE
. Injecting a modulation signal at the error point of amplitude of
A = 9.9 mV the resulting ellipticity at νoff was Ψνoff = 2.0× 10−4. At the same error point
the measured noise density, with the laser unlocked, was SVE ≈ 3.5 µV/
√
Hz with a flat
frequency spectrum. The estimated ellipticity noise S
(feedback)
Ψ induced by SVE is therefore
S
(feedback)
Ψ =
∂Ψ
∂VE
SVE =
Ψνoff
A
SVE ≈ 7× 10−8/
√
Hz. (182)
This value could not account for the measured noise at least up to 25 Hz, as can be seen in
Figure 54 bottom right, thereby excluding the locking system as the wide band noise source.
Furthermore, if this effect were the noise source it would generate a flat ellipticity spectrum
density. The ellipticity of equation (182), translated to optical path difference, results in
S
(feedback)
∆D =
λ
2F S
(feedback)
Ψ = 5× 10−20 m/
√
Hz. (183)
In anticipation of a discussion that will be made in Section 6.3.7 aimed at understanding
the nature of the wide band noise, we want to show that S
(feedback)
Ψ is proportional to F and
therefore that the optical path difference noise induced by the feedback does not depend on
the finesse. Three factors contribute to this behaviour of S
(feedback)
Ψ . Firstly the locking error
signal slope Dν when using the PDH locking scheme is
Dν =
∂VE
∂ν
∝ IF β
2
hR(0)
FT
Pνfsr
∝ IF F
2T
νfsr
. (184)
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where IF ∝ Iin is a fraction of the incident power reflected by the cavity used for the
feedback, β is the radio frequency modulation depth for generating the side bands, T is the
transmission coefficient of the cavity mirrors which is an intrinsic property of theirs, P are
the losses of the cavity and hR(0) = P/(1−R) is the reflection transfer function of the cavity
at resonance. Generally the product TF ∼ 1 resulting in Dν ∝ F . In the measurements
presented in Section 6.3.7 though the finesse F of the cavity was varied by increasing the
losses P in the cavity without changing T . Therefore in what will follow below Dν ∝ IFF2.
Secondly the noise SVE at the error point, with the laser unlocked, is determined by the
RIN of the laser at the locking frequency of ≈ 500 kHz (in our case shot noise is reached
above 5 MHz). Therefore SVE ∝ IF . Finally the total static ellipticity Ψ due to a single pass
ellipticity ψ induced inside the cavity is (N = 2F/pi)
Ψ = ψ
N
1 +N2 sin2 αEQ/2
. (185)
with the laser locked to the ‖ polarisation (δ = −αEQ/2 in equation (111)). With the
modulation on δ = −αEQ/2−∆δ(t) this ellipticity will become
Ψ = ψ
N
1 +N2 sin2
(
αEQ
2
+ ∆δ(t)
2
) . (186)
and one will observe an ellipticity at the modulation frequency νoff
Ψνoff =
(
∂Ψ
∂∆δ
)
δ=−αEQ/2
∆δ. (187)
For NαEQ/2 < 1 the result is that Ψνoff ∝ N3. Putting these considerations together results
in
S
(feedback)
Ψ =
∂Ψ
∂ν
1
Dν
SVE ∝ N3
1
IFN2
IF ∝ N. (188)
thereby scaling with the finesse. This will be important when comparing the optical path
difference noises measured at different finesse values.
What was considered above was the simultaneous scanning of the two perpendicular
resonances due to a laser frequency noise. An ellipticity can also be generated by a relative
frequency shift of the two resonances due to an optical path difference noise S∆D. From
equation (88), the phase difference ϕαEQ between the two polarisation states due to the
cavity birefringence is related to the frequency separation by
tanϕαEQ =
(1 +R) sin
αEQ
2
(1−R) cos αEQ
2
≈ αEQ
1−R =
2pi
1−R
∆ναEQ
νfsr
= piN
∆ναEQ
νfsr
. (189)
Let us consider a value of αEQ ≈ 2 × 10−6 resulting in ∆ναEQ ≈ 15 Hz and an ellipticity
noise SΨ ≈ 5× 10−7/
√
Hz. Given that the measured ellipticity noise is one half of the phase
noise, SΨ = Sϕ/2, one finds a relative frequency noise between the two polarisation states
S∆ναEQ =
2SΨνfsr
piN
≈ 3× 10−5 Hz√
Hz
. (190)
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One can estimate the relative frequency noise of equation (190) as due to a variation of the
cavity optical path length D. With the laser locked to the cavity δ‖ = 2pim, the round-trip
phase δ⊥ for the perpendicular polarisation is therefore
δ⊥ = 4pi
D∆ναEQ
c
(191)
A fluctuation S∆ναEQ of the relative frequency difference between the two resonant frequen-
cies is related to a fluctuation of the cavity length as
DS∆ναEQ = SD∆ναEQ (192)
From this one obtains
SD = D
S∆ναEQ
∆ναEQ
≈ 7 µm√
Hz
. (193)
The cavity length stability is far better than this value excluding this effect too as a source
of wide band noise. Indeed with such a length fluctuation the dynamical range of the locking
circuit would not have allowed stable locking. Again vibrational noise of the mirrors of the
cavity could not account for the observed ellipticity noise.
6.3.6. Power induced noise
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Figure 55: Ellipticity sensitivity measured as a function of frequency at two different values of the circulating
power in the Fabry-Perot cavity. Integration time was T = 7 × 103 s for the 2.6 kW spectrum and T =
2.6× 103 s for the 27.9 kW spectrum.
Thermal noise due to absorbed power on the surface of the mirrors was also investigated.
In Figure 55 the sensitivity with two different circulating powers is shown. Above about
5 Hz, the wide band noise SΨ is unaffected by changing the input power by a factor 10.
The two sensitivity curves refer to circulating powers of 27.9 kW and 2.6 kW corresponding
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respectively to 0.6 MW/cm2 and 0.06 MW/cm2 on the mirror surfaces. With the higher
power, sub-hertz static ellipticity instabilities are observed and are thought to be due to
stress induced birefringence. During the vacuum birefringence measurements presented in
Section 7 even lower powers were used.
6.3.7. Intrinsic noise
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Experiment       cavity       amplification N wavelength     length
BFRT (1993):      multipass 35-578,  514 nm     14.9 m
PVLAS-LNL (2008): F.P.    23'000, 45'000     532 nm, 1064 nm   6.4 m
PVLAS-TEST (2013): F.P. 150'000 1064 nm           1.4 m
PVLAS-FE (2016): F.P. 450'000 1064 nm          3.3 m
BMV (2014): F.P. 280'000 1064 nm          2.3 m
OVAL (2017): F.P. 320'000 1064 nm          1.4 m
Figure 56: Measured optical path difference noise densities in polarimeters set up to measure the vacuum
magnetic birefringence plotted as a function of their working frequency. Data were taken from the exper-
iments BFRT [83], PVLAS-LNL [74, 75], PVLAS-Test [145], PVLAS-FE [104], BMV [19] and OVAL [20]
and are normalised to the number of passes and to the wavelength. The leftmost point has been measured
during the 2015 data taking campaign of the PVLAS-FE experiment. The two almost equivalent points
from BFRT were measured with two different cavities, one having 34 passes and the other 578 passes. The
error bars are an estimated 50%.
A comparative study of the sensitivities of different experimental efforts was done to have
some insight on the source of this wide band noise afflicting them all. Assuming a birefrin-
gence noise source coming from inside the cavity the parameter studied was the optical path
difference sensitivity S∆D = λNpiSΨ having normalised SΨ for both the wavelength and, more
importantly, for the number of passes N of each experiment. The sensitivities are shown in
Figure 56 as a function of the working frequency of each experiment. In the case of pulsed
fields lasting tpulse, as in BMV and OVAL, the frequency was taken as ν = 1/(2pitpulse). In
the same figure, in green, we report the shot-noise expected sensitivities.
Except for BFRT all experiments seem to lie on a common power law with exponent
of approximately −0.8 reaching S∆D < 10−18 m/
√
Hz for ν ≥ 5 Hz. Note that BFRT is
the only experiment which used a multi-pass cavity instead of a Fabry-Perot. We attach no
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particular meaning to the value of the exponent, but the fit puts in evidence that a common
optical path difference noise source due to the cavities is present and is then multiplied by
the finesse.
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Figure 57: Light decay curves for the six different finesses used. F1-F6 indicate the respective values. The
finesse was reduced from F1 by clipping the beam introducing losses in the range 0÷10 ppm. From reference
[166], Figure 5.
To confirm this behaviour, a series of measurements was therefore undertaken with the
PVLAS-FE apparatus in which the finesse was changed [166]. A low pressure gas was
used to generate a reference ellipticity due to the Cotton-Mouton effect and a variable
magnetic field applied to the input mirror was used to generate a Faraday rotation on the
coatings. Both of these effects are proportional to the number of passes N . Rotation and
ellipticity measurements were performed, and for each measurement these signals and the
noises S∆D,∆A were determined. The values of the finesse varied from 256000 to 688000 and
the relative light power decay curves are shown in Figure 57. The finesse was reduced by
slightly clipping the cavity mode introducing losses ranging from 0÷ 10 ppm.
Assuming that the PVLAS-FE polarimeter was limited by a birefringence noise generated
inside the cavity and that a possible noise induced by the feedback is proportional to N [see
(equation 188)], the ellipticity measurements SΨ, corrected for k(αEQ) and for the cavity
frequency response at each finesse value, were normalised according to
S∆D =
λ
Npi
SΨ (194)
to determine the optical path difference sensitivities. In Figure 58 the measured optical path
difference spectra for all six finesse values are shown normalised to a 1 second duration. The
two magnets were rotating at να = 4 Hz and νβ = 5 Hz resulting in two peaks at 2να = 8 Hz
and 2νβ = 10 Hz. The current in the Faraday cell had a frequency νF = 19 Hz.
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Figure 58: Optical path difference spectra for the six finesse values determined by assuming a common
ellipticity noise SΨ proportional to N and taking into account the frequency response of the cavity. The
Cotton-Mouton signals at 8 Hz and 10 Hz are all superimposed as expected from equation (195) and the
signal at 19 Hz correctly scales with RΨ′,Φ. The noise curves are all superimposed indicating a birefringence
noise source originating from inside the cavity. From reference [166], Figure 14.
As expected the Cotton-Mouton peaks resulting from
∆DCM = ∆nuP
∫
B2ext dL (195)
were independent of the finesse. Furthermore, the cross talk of the Faraday rotation into an
ellipticity, as given by equation (112) due to the cavity birefringence, scaled with the factor
RΨ′,Φ which is proportional to N [see also equation (179)]:
∆D(spurious)F = CVerBlongN
αEQ
2
. (196)
Interestingly the noise S∆D behaves just like the Cotton-Mouton signals indicating its
nature as a birefringence noise originating from inside the cavity. Furthermore S∆D deter-
mined from these measurements followed very closely the curve in Figure 56. Taking for good
that that curve is a relatively general behaviour of the cavity mirrors, in such experiments
a maximum value of the finesse, depending on the limiting shot-noise, can be determined
from
Fmax ≈
√
e
I‖q
λ
2S∆D
. (197)
With 10 mW exiting the cavity, λ = 1064 nm and considering a value S∆D ≈ 3×10−19 m/
√
Hz
one finds Fmax ≈ 8500. Increasing the finesse of the cavity beyond Fmax will not improve
the signal to noise ratio.
By repeating the same procedure for the rotation measurements one finds that the be-
haviour of the Cotton-Mouton peaks and the Faraday peak were exchanged as expected. It
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is important to note, though, that the noise S∆A scaled with the finesse, again indicating
that its nature was an ellipticity seen as a rotation noise through the cross talk due to the
birefringent cavity. A detailed report of these measurements can be found in Reference [166].
6.3.8. Final discussion on wide band noise: thermal noise issues
At present we have no explanation for the source of the observed birefringence noise
which limited the sensitivity of the PVLAS-FE experiment, and not only. Note that the
value of S∆D ∼ 10−(18÷19) m/
√
Hz as an order of magnitude recalls thermal noise issues.
Indeed intrinsic thermal fluctuations of the mirror coatings (not due to the laser power as
demonstrated in Section 6.3.6) could generate stress fluctuations in the plane of the mirror.
Through the stress-optical coefficient such stress noise would be translated to birefringence
noise [166]. In the following we will estimate two typical thermal noise contributions to the
optical path difference noise: thermoelastic noise and Brownian noise. The conclusions will
strongly support this hypothesis.
Following [167, 168], consider the characteristic diffusive heat transfer length rT
rT =
√
λT
ρCT2piν
, (198)
with λT the heat conductivity, ρ the density and CT the specific heat capacity. The thermo-
dynamic temperature fluctuations of each volume V ≈ r3T are independent of one another
and their variance is given by
σ2T =
kBT
2
ρCTV
(199)
where kB is Boltzmann’s constant. The variance of the induced index of refraction fluctua-
tions within such a volume V due to stress variations can be written as
σ2n = C
2
SOY
2
σ2rT
r2T
(200)
where CSO and Y are respectively the material’s stress optical coefficient and Young’s mod-
ulus and the local relative length variations σrT/rT will in turn depend on the thermal ex-
pansion coefficient αT: σ
2
rT
/r2T = α
2
Tσ
2
T . Given that the volume V is surrounded by adjacent
independently fluctuating volumes, the induced stress along two perpendicular directions,
‖ and ⊥, will fluctuate independently leading to a variance of birefringence fluctuations.
Therefore
σ2∆n = C
2
SOY
2
[(
σ2rT
r2T
)
‖
+
(
σ2rT
r2T
)
⊥
]
= 2σ2n ≈ 2C2SOY 2α2T
kBT
2
ρCTr3T
(201)
This birefringence variance must now be averaged over the volume occupied by the beam’s
electric field. This is the region which will generate an ellipticity noise in the polarimeter.
In the PVLAS cavity the beam had a radius r0 = 10
−3 m. The mirrors had a transmission
coefficient TPVLAS = 2.4 ppm and the number of high index of refraction - low index of
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refraction film pairs composing the coatings was Nfilm ≈ 20. Therefore the number of film
pairs λfilm after which the field being reflected has reduced to 1/e is given by
Nfilm
λfilm
= − ln
√
TPVLAS (202)
resulting in λfilm = 3 corresponding to a geometrical thickness de ≈ 1 µm. Averaging over
the beam’s spot of radius r0 one finds
σ2∆n = C
2
SOY
2α2T〈σ2T〉spot ≈ 2C2SOY 2α2T
kBT
2
ρCTr3T
r2T
r20
(203)
where the ratio
r2T
r20
represents the number of independent volumes V ≈ r3T occupying the
laser beam surface. This is justified because de  rT  r0 and therefore the beam’s
electric field only sees a single layer of fluctuating volumes. Indeed for fused silica ρ(FS) =
2200 kg/m3, C
(FS)
T = 670 J/(kg K) and λ
(FS)
T = 1.4 W/(K m) whereas for tantala (Ta2O5)
ρ(Ta) = 8200 kg/m3, C
(Ta)
T = 300 J/(kg K) and λ
(Ta)
T = 0.026 − 15 W/(K m) (for a film)
[169]. For the PVLAS cavity r0 = 10
−3 m and de ∼ 1 µm and the narrowest frequency range
for which the above condition is satisfied is between 1 Hz÷ 1.5 kHz.
The optical path difference fluctuations accumulated by the laser beam upon reflection
will therefore be
σ∆D = 2deσ∆n = 2de
√
2CSOY αTσT ≈ 2de
√
2CSOY αT
√
kBT 2
ρCTrTr20
. (204)
A more rigorous averaging taking into account the Gaussian profile of the beam and expo-
nential penetration [167, 168, 170] leads to a temperature spectral density
ST =
√ √
2kBT 2
piρCTrTr202piν
=
√ √
2kBT 2
pir20
√
ρCTλT2piν
(205)
and an optical path difference spectral density
S∆D = 2de
√
2CSOY αTST = deCSOY αT
√
8kBT 2
pir20
√
piρCTλTν
∝ ν−1/4. (206)
Considering the values reported above for the various parameters of fused silica and tantala
and using C
(FS)
SO = 3 × 10−12 Pa−1, Y (FS) = 70 GPa, α(FS)T = 5 × 10−7 K−1, C(Ta)SO ≈
3× 10−12 Pa−1, Y (Ta) = 150 GPa and α(Ta)T = 8× 10−6 K−1 one finds
S
(FS)
∆D ∼ 4× 10−21 m/
√
Hz @ 1 Hz (207)
whereas for tantala
S
(Ta)
∆D ∼ (1÷ 5)× 10−19 m/
√
Hz @ 1 Hz. (208)
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Figure 59: Optical path difference spectrum for F6 = 688000 taken from Figure 58. Superimposed is the fit
obtained using equation (209). With a 3.5% uncertainty on the experimental data the reduced χ2 = 149/160.
Superimposed on the graph as dashed lines are the two curves describing the fit.
Not having found a specific value, for tantala we have used the value for fused silica. Gen-
erally it is found in literature that CSO ∼ 10−12÷−11 Pa−1 with a particularly large value of
CSO = 95× 10−12 Pa−1 for Nb2O5 [171].
Finally considering equation (206) and that Brownian noise typically scales as ν−1/2 the
optical difference noise spectrum for F6 reported in Figure 58 was fitted with the function
f(ν) =
√√√√( Athν−1/2√
1 + (ν/ν0)2
)2
+ (Bthν−1/4)
2
(209)
and is shown in Figure 59. The structure of this function was dictated by the low and
high frequency slopes in the log-log curve and by the transition between these two power
laws. An (unreported) initial fit resulted in the powers of the two slopes and in the order of
the filter in equation (209). With a 3.5% error for the experimental data the reduced chi-
squared was χ2 = 149/160. The fitting procedure resulted in Ath = (2.01± 0.02)× 10−18 m,
ν0 = (15.0 ± 0.4) Hz and Bth = (4.63 ± 0.02) × 10−19 m/Hz1/4. Introducing in the fit
function (209) an additive constant does not improve the fit and gives a value compatible
with zero. The value of Bth is in reasonable agreement with equation (208) for tantala.
Although PVLAS is sensitive to optical path length differences between two perpendicular
polarisations, it is also interesting to note that the parameter Ath is in good agreement with
the surface displacement spectral density due to Brownian noise for fused silica [168]:
S
(FS)
BN ≈
√
4kBT
2piν
φFS√
2piY r0
(210)
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provided a loss angle φFS ≈ 2.7× 10−7 rad which is not an unreasonable value. At present
we have no justification for the cut-off.
These considerations have led us to think that the PVLAS polarimeter was indeed limited
by intrinsic thermal noise issues. We believe the same is true for any Fabry-Perot based
polarimeter.
An attempt was made to cool the mirrors radiatively towards liquid nitrogen tempera-
tures [172] to verify this hypothesis but the experiment proved to be much more difficult
than expected and was abandoned. Furthermore, at best the noise could have decreased
inversely with the temperature, insufficient to close the gap to reach the QED effect.
6.4. Conclusions on the commissioning: lessons learned
In this section we have discussed ‘in-phase’ and wide band noise issues and how the careful
debugging for the ‘in-phase’ systematics allowed integration for 5× 106 s without observing
systematic peaks at the signal frequency 2νB. Let us describe the procedure we followed
in the presence of an unexpected signal at twice the rotation frequency of the magnets to
distinguish between a systematic and a physical birefringence signal. First of all, to qualify as
a magnetic birefringence effect generated by the rotating magnets, the signal had to occupy a
single bin in a Fourier spectrum of the ellipticity at a sub-microhertz frequency resolution just
as the stray magnetic field shown in Figure 34 on page 71. Moreover, the amplitude of the
peak had to be the same for the two magnets rotating at two different frequencies, whereas
the phase had to coincide with the phase measured during the calibration (possibly apart
from the sign). These requirements ruled out the spurious effects which we encountered.
The systematic peaks of the PVLAS-FE experiment were proven to be under control
down to the level of the integrated noise floor of the experiment (see next Section 7). A
longer integration might have let more systematics emerge from noise, requiring more debug-
ging. (For this reason any integration time longer than ∼ 106 s is likely to make debugging
impossible.) For the sake of discussion, let us treat the hypothetical case of the presence of
systematic effects at the level of the QED signal. In section 6.2.1 we showed that systematic
peaks at the rotation frequency νB of the magnets were always present in the ellipticity
spectra. These peaks were due to the Faraday effects generated in the reflecting coating
of the mirrors by the axial component of the magnetic stray fields of the magnets at the
positions of the beam spots on the mirrors. The resulting polarisation rotation is then trans-
formed into ellipticity through the cavity birefringence. We never observed such rotations
at the second harmonics of the rotation frequencies of the magnets, but they could emerge
lowering the noise floor due to small imperfections in the geometry of the magnets. In this
case, the ellipticity signal of each magnet would be composed of the QED signal and of
a spurious Faraday vector, and one would have only two equations with three unknowns.
For this eventuality two complementary approaches could be envisaged. First of all, the
magnetic fields at the positions of the mirrors should be accurately mapped. The axial field
component at the position of the beam spot could then be canceled by means of two addi-
tional coils either in feedback or using the field map. A second possibility to disentagle the
three contributions is to add a rotation modulator to the optical setup. In fact, the cavity
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birefringence transforms ellipticities into rotations (and vice versa) in a known way. This
would then provide two more equations making the algebraic system solvable.
We have also discussed that the wide band noise seems to be compatible with thermal
noise issues in the mirrors of the Fabry-Perot which generate an optical path difference noise
S∆D well described by the function f(ν) in equation (209). Given that vacuum magnetic
birefringence generates a difference in optical path length, finesse values above Fmax in equa-
tion (197) will not improve the signal to noise ratio of the polarimeter. Given equation (209)
the necessary integration time to reach a SNR = 1 at a signal frequency ν is therefore
T (ν) =
[
f(ν)
3AeB2extLB
]2
. (211)
independently of the finesse. Even assuming to double the highest employed rotation fre-
quency of the magnets in the current setup (a non trivial mechanical project), at ν ≈ 30 Hz
one has T ≈ 40 Ms, more than one year of continuous acquisition.
7. Measurements of the vacuum magnetic birefringence and dichroism
In this section we present the polarimetric measurements performed on vacuum during
the years 2014-2016 in the attempt to test its magneto-optical properties. The results of this
activity represent the best limits on the magnetic birefringence and dichroism of vacuum at
low energy stemming from laboratory measurements. The more recent measurements are
presented here for the first time in some detail, whereas the previous ones, that have already
been published elsewhere [116, 104], will be only summarised.
Note that, besides their direct measurements, from ellipticity (rotation) measurements
rotation (ellipticity) information can also be retrieved through equation (112) [or (113)].
According to these equations, one can interpret the measured ellipticity as due to a dichroism
and vice versa:
∆κ′ =
2
NαEQ
∆n =
∆n
RΦ′,Ψ
∆n′ = − 2
NαEQ
∆κ =
∆κ
RΨ′,Φ
. (212)
Moreover, both the birefringence and dichroism limits presented here will be also interpreted
as limits on the existence of ALPS and millicharged particles.
Data taking started in 2014 in the absence of systematics as soon as Viton o-rings were in
place inside the glass tubes. In the course of its three-years activity, the apparatus was cali-
brated more than once per run and the optical setup was maintained optimised. All the runs
performed between two such optimisations were considered to be in the same experimental
conditions and with the same characteristics; the runs can be grouped and labelled with
the solar year. As an example of a Cotton-Mouton calibration of the polarimeter described
in Section 3.4, Figure 60 shows one of the 2016 calibrations of the polarimeter performed
using 228 µbar of Ar gas. The ratio of the amplitudes of the rotation to the ellipticity [see
equation (117)] gives αEQ = 1.9 µrad, with an attenuation factor k(αEQ) = 0.85. The corre-
sponding frequency distance between the two Airy curves of the two orthogonal polarisation
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Figure 60: Cotton-Mouton effect measurements for 228 µbar of Ar gas: Fourier spectra of the extinguished
power demodulated at the modulator frequency νm. A single magnet was rotating at νB = 5 Hz. Left:
ellipticity spectrum. Right: rotation spectrum. Integration time was T = 128 s for both spectra.
states was 14 Hz. From these data a value for the unitary magnetic birefringence of Ar gas
at room temperature was extracted resulting in
∆nu(Ar) = (7.6± 0.5)× 10−15 T−2 atm−1 (213)
in agreement with the literature (see Table 1 on page 33).
Table 5 lists all the runs performed. In the table, the ‘parasite’ runs 1’, 2’ and 3’ are
presented here for the first time. The 2015 runs 4α and 5β were since they presented
structures at 2νB occupying several bins due to an incorrectly centered vacuum tube. They
are shown in Figure 11 of Reference [104]
The automatic locking circuit was realised at the beginning of 2015, greatly improving
the duty cycle of the measurements. In turn, this resulted in an improved overall stability
of the polarimeter limiting thermal drifts. In the course of this year, the acquisition rate
passed from 32/40 samples/turn to 16/20 samples/turn.
In 2016 a few upgrades of the apparatus were made. The glass vacuum tubes were
replaced with more rigid ceramic (silicon nitride) ones. In these tubes no baffle could be
inserted to block the diffused light, but the intrinsic roughness of their inner wall made this
point less crucial. In an attempt to improve the signal to noise ratio, the rotation frequency
of the magnets was increased up to 23 Hz. However, the higher the rotation frequency, the
worse were the vibrations of the structures supporting the magnets (see Figure 38 on page
74). As a compromise, the rotation frequencies were chosen as να = 8 Hz and νβ = 8.5 Hz.
Also during this year, a number of data blocks featuring an excess of wideband noise was
discarded, reducing the useful integration time from 2.0 Ms to 1.6 Ms.
In Figure 61, top and middle rows, the FFT of the ellipticity data of the 2016 runs and
the relative noise histograms are shown, respectively. The bottom row shows the Fourier
transforms of the stray magnetic field of the two rotating magnets. These refer to the whole
data set lasting 2 × 106 s. As can be seen the signal occupies a single bin. An ellipticity
signal, if present, must appear in a single bin of the Fourier spectrum, just as the magnetic
field. The slight pedestal is due to the finite resolution of the two signal generators, resulting
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Figure 61: 2016 ellipticity data runs: Top row: unprojected Fourier transform of the ellipticity signal in a
narrow interval around 2νB . Middle row: histograms of the data fitted with a Rayleigh distribution. The
vertical arrows indicate the values of the bin at 2νB ; the strips at the bottom of the plots mark integrated
probabilities. Bottom row: Fourier spectra of the magnetic field of the two rotating magnets.
in a very slow relative phase drift requiring small phase adjustments during the run. During
long acquisition runs the relative angular phase of the magnets was adjusted every few days.
8. Vacuum measurement results and time evolution
8.1. Limits on vacuum magnetic birefringence and dichroism
The results listed in Table 5 can be averaged to give the final limits on vacuum magnetic
birefringence and dichroism of the PVLAS-FE experiment, for a total run time of ≈ 5×106 s:
∆n(PVLAS−FE) = (12± 17)× 10−23 @ B = 2.5 T (214)
|∆κ|(PVLAS−FE) = (10± 28)× 10−23 @ B = 2.5 T. (215)
These values represent the current best limits on these quantities obtained by optical means.
The value for the dichroism is reported as an absolute value because its sign, depending on
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the sign of αEQ in equation (117), was never determined but was common to all measure-
ments. Therefore the relative signs of all the ∆κ’ values are consistent. The value of ∆κ in
run 6 of 2015 with the QWP inserted is reported in Table 5 with an absolute value because
its sign relative to all the ∆κ’ values was unknown. In calculating |∆κ|(PVLAS−FE) the sign
of ∆κ resulting in the larger central value was used.
We note that the vacuum magnetic birefringence predicted by the Euler and Kockel
Lagrangian is ∆n(EK) = 2.5 × 10−23 at Bext = 2.5 T, i.e. the integrated noise level of the
PVLAS-FE measurement is a factor seven larger than the predicted effect. The practical
impossibility to beat the noise in the actual scheme was a show stopper and spurred for new
ideas [173].
10
-24
10
-23
10
-22
10
-21
10
-20
10
-19
10
-18
10
-17
M
e
a
s
u
r
e
d
 
v
a
l
u
e
 
o
f
 
|
∆n
|
 
/
 
B
2
 
 
[
T
-
2
]
2020201520102005200019951990
Year
BFRT
PVLAS-LNL
PVLAS-Test
BMV
PVLAS-FE
 
OVAL
Predicted QED value
 ∆n > 0
 ∆n < 0
 undefined sign
Figure 62: Historical time evolution of the measurement of vacuum magnetic birefringence normalised to
B2ext. Error bars correspond to one σ. The values derive from the following references: BFRT [83]; PVLAS-
LNL [74, 75], PVLAS-Test [145], BMV [19], PVLAS-FE [116, 104], OVAL [20].
The historical time evolution of the measurement of vacuum magnetic birefringence nor-
malised to B2ext from different experiments is shown in Figure 62. This normalisation allows
the comparison of the limits of the different experiments trying to measure VMB. In the
figure, the PVLAS-FE experiment appears with three points, representing the integrated
progression of this measurement by the experiment. The first two points correspond to al-
ready published papers [116, 104] whereas the third, including the 2016 data, represents the
final result of the experiment concerning VMB. The global 2016 value reported in Figure 62
is
∆n(PVLAS−FE)
B2ext
= (+19± 27)× 10−24 T−2 (216)
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8.2. Limits on hypothetical particles
8.2.1. Axion Like Particles
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Figure 63: Laboratory limits on the existence of ALPs particles at 95% c.l. The shaded regions of the graph
are excluded. The figure also shows the measurements by the OSQAR [81] and the ALPS [80] collaborations.
The results of the polarimetric measurements of the PVLAS-FE experiment can be used
to draw exclusion plots in the plane (ma, ga) for Axion Like Particles. The birefringence
value of equation (214), through equation (54), translates into the curve labelled as ‘Ellip-
ticity PVLAS’ in Figure 63. The region excluded by this curve dominates the exclusion
plot at axion masses ma ≥ 1 meV. For the dichroism, one must note that the line labelled
‘Rotation PVLAS’ in the same figure does not derive from the dichroism value of equa-
tion (215). In fact, as seen in equation (53), the dichroism generated by ALPs has a non
trivial dependence on the length of the magnetic field region. We distinguish two magnet
configurations, according to whether the magnets rotated synchronously or not. It turns out
that the best ALPs rotation limits are set almost solely by the single run 6 in Table 5, with
LB = 1.64 m. The small mass limit of the PVLAS rotation curve is 7.2×10−8 GeV−1. Below
0.5 meV the limit given by the OSQAR experiment [81] is more stringent by about a factor
two. One must remind the reader that the whole region down to the level ga ∼ 10−10 GeV−1
has already been excluded by the CAST solar helioscope [174]. However, the CAST results
depend on the model assumed for axion production and emission by the sun, whereas the
limits of Figure 63 come from model independent laboratory experiments,
In the small mass limit with ma 
√
4ω
LB
= 10−3 eV, where the coupling constant does
not depend on the mass of the ALP, the value of ga can be determined from (1 T =
√
~3c3
e4µ0
=
103
195 eV2 and 1 m= e~c = 5.06× 106 eV−1)
ga =
√
ω
2
∆κ
LB
4
Bext
. (217)
One can therefore do slightly better by taking the weighted average of ∆κ
LB
for the single
and double magnet configurations. By averaging Runs 3α′, 3β′, 4β′ and 5α′ of Table 5, all
divided by LB, and Run 6 divided by 2LB and inserting it in the expression (217) one finds〈
∆κ
LB
〉
= (1.0± 2.6)× 10−22 m−1 (218)
having used LB = 0.82 m corresponding to the length of one magnet. The resulting 95% c.l.
limit on ga is therefore
g(95%)a < 6.4× 10−8 GeV−1. (219)
8.2.2. Millicharged Particles
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Figure 64: Exclusion plots for millicharged particles at 95% c.l. deriving from equations (214) and (215).
Left panel: fermion MCP. Right panel: scalar MCP. The excluded region is above the curves. The limit
derived from rotation dominates at small masses, whereas the birefringence limit is effective at large masses.
The two branches of the birefringence curve are not connected in the mass range around χ = 1 (dashed
line), where ∆n changes sign. A cubic spline joins the two branches of the dichroism curve.
Figure 64 shows the PVLAS-FE exclusion plots on the existence of millicharged particles.
Two independent limits are derived from the birefringence and the dichroism values of
equations (214) and (215), the latter being more stringent in the low-mass range (m ≤
0.1 eV), whereas the former is dominating the high-mass range. We explicitly note that the
fermion exclusion plot also applies to all types of neutrinos, limiting their charge to be less
than ≈ 3× 10−8e for masses smaller than 10 meV.
9. Conclusions
The PVLAS-FE experiment officially ended on December 31st 2017 after 25 years. The
present paper represents the final results of the experiment with the magnetically induced
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birefringence and dichroism limits summarised in equations (214) and (215). Unfortunately
implementing further improvements to the PVLAS-FE setup of at least a factor ten to reach
the predicted VMB value was not possible given the wide band noise intrinsic to the presence
of the Fabry-Perot cavity which we believe to be of thermal origin (see Section 6.3.8). Nor
was it conceivable to integrate a factor fifty times longer to only reach a SNR= 1.
A total run time of 5× 106 s was made possible thanks to the use of permanent magnets
which, for the first time, allowed a detailed debugging of the setup. As was discussed in
Section 6.2.4 one of the key issues was the coupling between the diffused light inside the
vacuum tube passing through the magnets and the induced movement of the tubes due to
the small transverse gradient of the rotating magnetic field. The reduction of the diffused
light with the use of baffles and a careful monitoring of the acceleration of the tubes allowed
their centering thereby reducing systematic signals to below the achieved noise floor.
The phase coherence of the rotating magnets was another key factor allowing to distin-
guish between a physical signal and a mechanically induced disturbance which appeared at
times. Indeed one of the requirements of a physical signal was that it occupy a single bin in
the demodulated Fourier spectrum even after a very long integration time (∆νbin . 1 µHz).
From the experience presented in this paper and assuming to have all systematics under
control, a new experiment to measure VMB using a Fabry-Perot based polarimeter will need
to take into account the intrinsic optical path difference noise given in equation (209). The
key factor, we believe, is to improve the optical path difference source
∫
B2ext dL. A few
possible ideas could be:
• use a relatively low magnetic field≈ 1÷2 T but increase the magnetic field length. This
would allow the use of permanent or normal conducting magnets. Such a solution could
then be applied to a gravitational wave antenna detector with long arms [128, 129]
where the optics is in continuous development as briefly introduced in Section 3.6. In
this situations
∫
B2ext dL ∼ 200 T2m would be necessary considering an integration
time T = 106 s. One extremely interesting feature of this solution is the independent
measurement of n‖ and n⊥ allowing the direct determination of the parameters η1 and
η2 in the general Lagrangian (44) [128];
• continue to develop pulsed magnets as in BMV and OVAL. Given a pulse width
tpulse ≈ 10 ms and assuming therefore that the optical path difference noise is given
by equation (209), the integrated peak noise per pulse will be ∆Dpulse ∼ 2Btht−1/4pulse ≈
3× 10−19 m/pulse with Bth = (4.63± 0.02)× 10−19 mHz−1/4. Assuming a pulse rate
Rpulse ≈ 0.1 Hz [20] and a running time trun ∼ 1 month (a longer running time would
not allow debugging in the presence unexpected peaks) results in∫
B2ext dL =
∆Dpulse
3Ae
√
Rpulsetrun
∼ 150 T2m; (220)
• use a constant field superconducting magnet and modulate the induced ellipticity using
the polarisation. As discussed in [173] one possibility to achieve this is to insert two
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co-rotating half-wave plates inside the Fabry-Perot, one at each end of the magnetic
field. Due to the losses introduced by these wave plates, clearly this would reduce the
maximum finesse to about 1000 ÷ 5000. The intrinsic optical path difference noise
give by equation (209) of 10−18 m/
√
Hz @ 4 Hz could still be reached provided the
intensity exiting the cavity is Iout ≈ 50 mW. Assuming the usual integration time of
106 s results in a requirement for the magnetic field
∫
B2ext dL ≈ 250 T2m.
This last configuration seems to be the most attractive in that such superconducting magnets
already exist at CERN. In particular the use of a spare LHC dipole magnet with a maximum
field of Bext = 9 T and a field length of 14.3 m, resulting in
∫
B2ext dL ≈ 1158 T2m, would
in principle allow a SNR = 1 in less then a day. Following this line a new collaboration is
coalescing and a Letter of Intent has been submitted to CERN [175] and initial testing to
demonstrate the feasibility is underway.
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